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ABSTRACT
S a m p le s  o f  s y n t h e t i c  p y r o l u s i t e  w e r e  r e d u c e d  i n  
h y d r o g e n  a t  v a r i o u s  p a r t i a l  p r e s s u r e s  i n  t h e  t e m p e r a t u r e  
r a n g e  o f  2 0 0 °  t o  500°C .  M ost  r e d u c t i o n  e x p e r i m e n t s  w e re  
c o n d u c t e d  u s i n g  a  P y r e x  v e r t i c a l - t u b e  r e a c t o r ,  i n  which'  
s m a l l  b e d s  o f  p o r o u s  p a r t i c l e s  ( 0 . 0 7  t o  0 . 2 1  mm.) o r  
s i n g l e  p o r o u s  p e l l e t s  o f  t h e  o x i d e  w e r e  s u s p e n d e d .  The 
r e a c t i o n  k i n e t i c s  w e r e  f o l l o w e d  b y  r e c o v e r i n g  a n d  w e i g h ­
i n g  t h e  w a t e r  p r o d u c t  f o r m e d  d u r i n g  m e a s u r e d  t i m e  i n t e r v a l s ,  
a n d  t h e  i n t e r m e d i a t e  r e d u c t i o n  p r o d u c t s  w e r e  i d e n t i f i e d  b y  
X - r a y  d i f f r a c t i o n  a n a l y s i s .
The d a t a  show t h a t  r e d u c t i o n  p r o c e e d s  t h r o u g h  t h e  
s e q u e n c e  Mn0 2 —^ M n 2 0 3 ~ ^ M n j O ^ —>-Mn0. B elow 250°C no  MnO 
was d e t e c t e d ,  a n d  t h e  r e a c t i o n  p r a c t i c a l l y  t e r m i n a t e d  w i t h  
t h e  f o r m a t i o n  o f  Mn^O^. Above 250°C  t h e  Mn^O^ becam e  
p r o g r e s s i v e l y  m ore  p r o t e c t i v e ,  a n d  t h e  r e d u c t i o n  o f  Mn-jO^ 
t o  MnO became a p p r e c i a b l e .  Above 3 0 0 °C  a l l  f o u r  o x i d e s  
w e re  d e t e c t e d  i n  t h e  p a r t i a l l y  r e d u c e d  p r o d u c t s ,  a l t h o u g h  
t h e  Mn02  a n d  MnO p h a s e s  w e r e  u s u a l l y  t h e  m a j o r  c o m p o n e n t s .  
The k i n e t i c  d a t a  w e r e  c o n v e n i e n t l y  d i v i d e d  i n t o  tw o  t e m ­
p e r a t u r e  r e g i m e s .
B e low  250°C t h e  r e a c t i o n  was f o u n d  t o  p r a c t i c a l l y  
s u b s i d e  w i t h  t h e  f o r m a t i o n  o f  Mn-jG^. The a p p a r e n t  a c t i v a ­
t i o n  e n e r g y  f o r  p e l l e t s  a n d  p a r t i c l e s  w a s ,  r e s p e c t i v e l y ,
i i
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2 6 . 8  a n d  2 2 . 2  k c a l . / m o l e  a t  a  h y d r o g e n  p r e s s u r e  o f  8 00  mm. 
Hg and  i n  t h e  t e m p e r a t u r e  r a n g e  o f  2 0 0 °  t o  2 4 0 ° C .  The 
r a t e  a t  2 2 6 °C  i n c r e a s e d  n o n l i n e a r l y  w i t h  h y d r o g e n  p a r t i a l  
p r e s s u r e  a n d  was s h a r p l y  r e t a r d e d  by  t h e  p r e s e n c e  o f  
w a t e r  v a p o r .
Above 300°C  t h e  r e d u c t i o n  was a l w a y s  c h a r a c t e r i z e d  
by  a n  e x c e e d i n g l y  h i g h  i n i t i a l  r a t e ;  t h i s  i s  a t t r i b u t e d
t o  a  r a p i d  b u i l d - u p  o f  l a y e r s  o f  Mn2 ° 3  a n d Mn3 ° 4 * T^ e 
Mn^O^ becam e  p r o t e c t i v e  b u t  was i t s e l f  f u r t h e r  r e d u c e d  t o  
MnO a t  m e a s u r a b l e  r a t e s .  The  a p p a r e n t  a c t i v a t i o n  e n e r g y  
( f o r  p a r t i c l e s )  a t  c o n v e r s i o n s  a b o v e  2 0 $ ,  a t  h y d r o g e n  
p a r t i a l  p r e s s u r e s  b e t w e e n  8 0  a n d  800 mm. H g ,  a n d  i n  t h e  
t e m p e r a t u r e  r a n g e  o f  3 2 5 °  t o  4 2 5 ° C ,  was a p p r o x i m a t e l y  26 
t o  30 k c a l . / m o l e .  The r a t e  i n c r e a s e d  n o n l i n e a r l y  w i t h  
h y d r o g e n  p a r t i a l  p r e s s u r e ,  a n d  a t  375°C  was  s h a r p l y  
r e t a r d e d  by  t h e  p r e s e n c e  o f  w a t e r  v a p o r .
The l o w - t e m p e r a t u r e  p e l l e t  d a t a  w e r e  c o r r e l a t e d  w i t h  
a c o r e  r e a c t i o n  m o d e l ,  i n  w h i c h  t h e  r e a c t i n g  s o l i d  was 
a s s u m e d  t o  a p p r o x i m a t e  t h e  s y s t e m ,  Mn02 ( c o r e ) - M n 3 0 4 ( p r o d u c t  
l a y e r ) .  The t h i c k n e s s  o f  t h e  i n t e r m e d i a t e  Mn2 0 3  l a y e r  was  
n e g l e c t e d ,  a n d  t h e  s o l i d - g a s  r e a c t i o n  a t  t h e  M n ^ ^ / M n ^ O ^  
i n t e r f a c e  was  t a k e n  a s  t h e  r a t e - c o n t r o l l i n g  s t e p .  S i m i ­
l a r l y ,  t h e  h i g h - t e m p e r a t u r e  p a r t i c l e  d a t a  w e r e  c o r r e l a t e d  
by  a  c o r e  m o d e l  i n  w h ic h  t h e  r e a c t i n g  s o l i d  was a s s u m e d
i n
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t o  a p p r o x i m a t e  t h e  M11O2 ( c o r e ) - M n O ( p r o d u c t  l a y e r )  s y s t e m .  
The i n t e r m e d i a t e  o x i d e s  w e r e  a s s u m e d  t o  b e  o f  n e g l i g i b l e  
t h i c k n e s s ,  a n d  t h e  s o l i d - g a s  r e a c t i o n  a t  t h e  Mn^O^/MnO 
i n t e r f a c e  was t a k e n  a s  t h e  r a t e - l i m i t i n g  s t e p .  The 
k i n e t i c  d a t a  i n  b o t h  r e g i m e s  w e r e  c o n s i s t e n t  w i t h  t h e  
c o n c e p t  t h a t  t h e  s o l i d - g a s  r e a c t i o n s  i n v o l v e  a d s o r p t i o n  
o f  h y d r o g e n ,  s u r f a c e  r e a c t i o n ,  a n d  d e s o r p t i o n  o f  w a t e r ,  
t h e  s u r f a c e  r e a r r a n g e m e n t  b e i n g  r a t e - c o n t r o l l i n g .
R e d u c t i o n  e x p e r i m e n t s  w e r e  a l s o  c o n d u c t e d  u s i n g  a 
n a t u r a l  p y r o l u s i t e  o r e .  T h e s e  d a t a  sh o w e d  c h a r a c t e r i s t i c s  
s i m i l a r  t o  t h o s e  o f  t h e  s y n t h e t i c  p y r o l u s i t e .
i v
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1CHAPTER I  
INTRODUCTION
P u r p o s e  o f  S t u d y
The o n l y  c o m m e r c i a l  s o u r c e  o f  p u r e  m a n g a n e s e  i s  b a s e d  
on t h e  e l e c t r o l y s i s  o f  m a n g a n e s e  s u l f a t e  s o l u t i o n s .  One 
o f  t h e  i m p o r t a n t  s t e p s  o f  t h i s  p r o c e s s  i s  t h e  r e d u c t i o n  
o f  o x i d i z e d  o r e s  t o  make  t h e m  s o l u b l e  i n  t h e  r e c y c l e d  
a n o l y t e .  T h i s  i s  u s u a l l y  a c c o m p l i s h e d  by  r o a s t i n g  t h e  o r e  
i n  a  r e d u c i n g  a t m o s p h e r e  a t  h i g h  t e m p e r a t u r e s .  I t  h a s  
l o n g  b e e n  known t h a t  t h e  m a n g a n e s e  c o n t e n t  c a n  b e  r e a d i l y  
r e d u c e d  i n  t h i s  m a n n e r  t o  t h e  d i v a l e n t  f o r m .  V e ry  l i t t l e ,  
h o w e v e r ,  i s  known a b o u t  e i t h e r  t h e  k i n e t i c s  o f  t h e  r e d u c ­
t i o n  r e a c t i o n s  o r  t h e  n a t u r e  o f  t h e  i n t e r m e d i a t e  r e d u c t i o n  
p r o d u c t s .  T h i s  s i t u a t i o n  c o n t r a s t s  s h a r p l y  w i t h  t h e  s t a t e  
o f  k n o w l e d g e  p e r t a i n i n g  t o  t h e  r e d u c t i o n  o f  o t h e r  o x i d e s ,  
s u c h  a s  t h o s e  o f  i r o n ,  c o p p e r ,  t i n  a n d  n i c k e l .
The c o n s u m p t i o n  o f  m a n g a n e s e  m e t a l  i n  t h e  U n i t e d  
S t a t e s  h a s  d o u b l e d  d u r i n g  t h e  p e r i o d  f r o m  195 9  t o  
1 9 6 4 ^ 2 0  ^ 2^ .  I t  may t h e r e f o r e  b e  a n t i c i p a t e d  t h a t  i n  
t h e  f u t u r e  t h e r e  w i l l  b e  a  much g r e a t e r  e c o n o m i c  i n c e n ­
t i v e  t o  o p t i m i z e  c u r r e n t  r o a s t i n g  p r o c e s s e s ,  a s  w e l l  a s  
t o  d e v e l o p  m ore  e c o n o m i c a l  r e d u c t i o n  a n d  r o a s t i n g  t e c h ­
n i q u e s .  I n  r e c e n t  y e a r s ,  t h e  i n t e r m e d i a t e  o x i d e s ,  Mn2 0 ,  
a n d  MngO^, h a v e  a l s o  g a i n e d  c o m m e r c i a l  i m p o r t a n c e ?  c o n s e ­
q u e n t l y ,  i t  i s  o f  i n t e r e s t  t o  d e t e r m i n e  w h e t h e r  e i t h e r  o f
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2t h e s e  o x i d e s  c a n  be o b t a i n e d  i n  r e l a t i v e l y  p u r e  fo rm  a s  
a n  i n t e r m e d i a t e  r e d u c t i o n  p r o d u c t  o f  m a n g a n e s e  d i o x i d e .  
A c c o r d i n g l y ,  t h e  p u r p o s e  o f  t h i s  work was t o  s t u d y  t h e  
r e d u c t i o n  o f  m a n g a n e s e  d i o x i d e ,  b o t h  w i t h  r e s p e c t  t o  t h e  
k i n e t i c s  a n d  t o  t h e  i d e n t i f i c a t i o n  a n d  s t a b i l i t y  o f  t h e  
r e d u c t i o n  p r o d u c t s .  H y d r o g e n  was u s e d  a s  t h e  r e d u c i n g  
g a s ,  an d  p a r t i c u l a r  a t t e n t i o n  was f o c u s e d  on t h e  e f f e c t s  
o f  t e m p e r a t u r e ,  h y d r o g e n  p a r t i a l  p r e s s u r e ,  a n d  w a t e r  
v a p o r  c o n t e n t  i n  t h e  h y d r o g e n  s t r e a m .
M i n e r a l o g i c a l  Forms o f  M a n g a n e s e  D i o x i d e
M an g a n e se  d i o x i d e  i s  n o t  a s i m p l e  compound o f  c o n s t a n t  
s t r u c t u r a l  c o n f i g u r a t i o n  a n d  c o n s t a n t  p r o p e r t i e s .  On t h e  
c o n t r a r y ,  a  num ber  o f  s t r u c t u r a l l y  d i s t i n c t  fo r m s  h a v e  
b e e n  i d e n t i f i e d  e i t h e r  i n  n a t u r a l  o r e  d e p o s i t s  o r  i n  a r t i ­
f i c i a l  p r o d u c t s .  I n  196 1  G a t t o w  a n d  G l e m s e r ^ 9> 
p r e s e n t e d  t h e  m o s t  c o m p l e t e  s u r v e y  o f  t h e  s t a t e  o f  know­
l e d g e  o f  t h e  v a r i o u s  m a n g a n e s e  d i o x i d e s ,  i n c l u d i n g  t h e  
i n t e r c o n v e r s i o n s  a n d  r e l a t i o n s  among t h e m .  They h a v e  
c l a s s i f i e d  t h e  s y n t h e t i c a l l y  p r e p a r e d  d i o x i d e s ,  a s  w e l l  a s  
some o f  t h e  m ore  i m p o r t a n t  n a t u r a l  m i n e r a l s .  An e a r l i e r  
r e v i e w  a n d  c l a s s i f i c a t i o n  was p u b l i s h e d  i n  1948 by McMurdie  
a n d  G o l o v a t o ^ 9 ^.
G a t t o w  a n d  G l e m s e r  c l a s s i f i e d  t h e  known m an g an ese  
d i o x i d e s  i n t o  s e v e n  m a j o r  g r o u p s  on t h e  b a s i s  o f  t h e i r  
X - r a y  d i f f r a c t i o n  p a t t e r n s ,  a n d  w i t h i n  m o s t  g r o u p s  t h e y
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3p r o p o s e d  f u r t h e r  b r e a k d o w n  a c c o r d i n g  t o  c r y s t a l l i n i t y  ( a s  
j u d g e d  f r o m  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  X - r a y  r e f l e c ­
t i o n s ) .  I n a s m u c h  a s  t h e  i n t e r e s t  o f  t h e  p r e s e n t  w o rk  i s  
i n  t h e  r e d u c t i o n  o f  a  d i o x i d e  f o r m  w h i c h  i s  f o u n d  i n  
n a t u r e ,  t h e  f o l l o w i n g  s u r v e y  i s  r e s t r i c t e d  t o  t h e  b e t t e r  
known m a n g a n e s e  d i o x i d e s  w h i c h  h a v e  m i n e r a l o g i c a l  o r i g i n s .
The  m o s t  common m a n g a n e s e  d i o x i d e  i s  t h e  w e l l - c r y s t a l ­
l i z e d  f o r m  i d e n t i f i e d  b y  t h e  m i n e r a l o g i c a l  name p y r o l u s i t e .  
I n  t e r m s  o f  t h e  G a t t o w  a n d  G l e m s e r  c l a s s i f i c a t i o n  i t  i s  
known a s  b e t a - M n C ^ .  I t  i s  t h e  m o s t  s t a b l e  o f  t h e  s e v e r a l  
f o r m s ,  a n d  t h e  o t h e r  d i o x i d e s  g r a d u a l l y  t r a n s f o r m  i n t o  
t h i s  m o d i f i c a t i o n  when  t h e y  a r e  h e a t e d .  The l i t e r a t u r e  
i s  i n  a g r e e m e n t  t h a t  i t s  s t r u c t u r e  i s  t e t r a g o n a l  ( r u t i l e  
g r o u p )  w i t h  u n i t  c e l l  d i m e n s i o n s  a  = 4 . 3 8  t o  4 . 4 4  X a n d  
c = 2 . 8 5  t o  2 . 9 0  1 .  B e t a - M n 0 2  i s  s a i d  t o  h a v e  a  d e f i n i t e  
s o l u b i l i t y  r a n g e  o f  MnO^ gg  t o  Mnf^
The m i n e r a l o g i c a l  name p o l i a n i t e  was  s o m e t i m e s  u s e d  
t o  i d e n t i f y  a  d i o x i d e  f o r m  o r i g i n a l l y  t h o u g h t  t o  b e  d i s ­
t i n c t  f r o m  p y r o l u s i t e .  X - r a y  s t u d i e s ,  h o w e v e r ,  h a v e  s i n c e  
shown t h a t  t h e  tw o  f o r m s  a r e  i d e n t i c a l  a n d  t h e  name 
p o l i a n i t e  i s  now r a r e l y  u s e d .
A s e c o n d  w e l l - c r y s t a l l i z e d  f o r m  i s  known a s  r a m s d e l -  
l i t e .  I t s  s t r u c t u r e  i s  s a i d  t o  b e  o r t h o r h o m b i c . T h i s  
f o r m  h a s  a p p a r e n t l y  n o t  b e e n  p r e p a r e d  s y n t h e t i c a l l y  a n d
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4i t  o c c u r s  o n l y  r a r e l y  i n  n a t u r e .
The gamma f o r m  o f  m a n g a n e s e  d i o x i d e  i s  f o u n d  b o t h  i n  
n a t u r a l  o r e s  a n d  i n  a r t i f i c i a l  p r o d u c t s .  W h i l e  i t  i s  o f t e n
c o n s i d e r e d  t o  b e  a  p o o r l y  c r y s t a l l i z e d  f o r m  o f  p y r o l u -
( 1  91s i t e v ,  G a t t o w  a n d  G l e m s e r _ m a i n t a i n  t h a t  t h i s  f o r m  c o n ­
t a i n s  c h e m i c a l l y  b o u n d  w a t e r  w h ic h  i s  l o s t  a t  1 2 0 ° C ,  The 
w e l l - k n o w n  G o ld  C o a s t  o r e  i s  s a i d  t o  b e  l a r g e l y  o f  t h i s  
m o d i f i c a t i o n .
The m i n e r a l o g i c a l  f o r m ,  c r y p t o m e l a n e ,  i s  c h a r a c t e r ­
i z e d  by  t h e  p r e s e n c e  o f  K o r  Na i n  t h e  l a t t i c e .  L i k e w i s e  
t h e  t e r m s  c o r o n a d i t e  a n d  h o l l a n d i t e  a p p l y  t o  n a t u r a l  m i n ­
e r a l s  c o n t a i n i n g ,  r e s p e c t i v e l y ,  Pb a n d  B a .  T h e s e  fo r m s  
c a n  b e  p r e p a r e d  s y n t h e t i c a l l y  a n d  t h e y  a r e  a l l  o f  t h e  a l p h a  
v a r i e t y  i n  t e r m s  o f  t h e  G a t t o w  a n d  G l e m s e r  c l a s s i f i c a t i o n .
V a r i o u s  f o r m u l a s  h a v e  a p p a r e n t l y  b e e n  p r o p o s e d  f o r  
t h e  m i n e r a l ,  p s i l o m e l a n e ,  b u t  a c c o r d i n g  t o  McMurdie  a n d  
G o l o v a t o ,  m o d e rn  u s a g e  i s  r e s t r i c t e d  t o  BaMnMngO-j^OH)^.
The t e r m  ” wadn h a s  b e e n  u s e d  t o  d e s i g n a t e  a n  e a r t h y  
m i x t u r e  t h a t  i s  l a r g e l y  M n t ^ ,  b u t  i t  o f t e n  c o n t a i n s  l a r g e  
a m o u n t s  o f  1 ^ 0  a n d  BaO. A c c o r d i n g  t o  McMurdie  a n d  G o l o ­
v a t o ,  i t  h a s  no d i s t i n c t  m i n e r a l o g i c a l  d e f i n i t i o n  a n d  
a c t u a l l y  c o n s i s t s  o f  p y r o l u s i t e ,  p s i l o m e l a n e ,  c r y p t o m e ­
l a n e ,  a n d  o t h e r  m i n e r a l s .
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5S i n c e  p y r o l u s i t e  i s  t h e  m o s t  i m p o r t a n t  i n d u s t r i a l  
m a n g a n e s e  d i o x i d e  m i n e r a l ,  i t  was d e c i d e d  t o  u s e  s y n t h e t i c  
s a m p l e s  o f  p y r o l u s i t e  i n  t h i s  w o r k .
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6CHAPTER I I  
PREVIOUS INVESTIGATIONS
V ery  f e w  d a t a  on t h e  r e d u c t i o n  o f  m a n g a n e s e  d i o x i d e  
h a v e  b e e n  p u b l i s h e d .  The o n l y  s e r i o u s  k i n e t i c  s t u d y  h e r e ­
t o f o r e  made i s  t h e  R u s s i a n  w o r k  o f  C h u f a r o v  a n d  c o -  
w o r k e r s ^ *  I n  t h e  f i r s t ^ ^  o f  t h r e e  r e l a t e d
p u b l i c a t i o n s ,  p o w d e r  s a m p l e s  o f  Mn02  ( t h e  b e t a  f o r m ) ,
Mn2 0 3  and  Mn^O^ w e r e  r e d u c e d  t o  MnO w i t h  h y d r o g e n  i n  a  
c l o s e d  r e c i r c u l a t i n g  a p p a r a t u s .  P r o d u c t  w a t e r  v a p o r  was  
rem oved  i n  a  c o l d  t r a p  a n d  t h e  k i n e t i c s  w e r e  f o l l o w e d  b y  
n o t i n g  t h e  d e c r e a s e  i n  h y d r o g e n  p r e s s u r e  w i t h  t i m e .  I n i ­
t i a l  h y d r o g e n  p r e s s u r e s  o f  5 0 ,  1 0 0 ,  a n d  200  mm. Hg w e r e  
u s e d ,  a n d  t e m p e r a t u r e s  i n  t h e  r a n g e  o f  3 0 0 °  t o  500°C w e r e  
s t u d i e d .  The r e d u c t i o n  r a t e  o f  MnO^ was o b s e r v e d  t o  v a r y  
a p p r o x i m a t e l y  l i n e a r l y  w i t h  h y d r o g e n  p r e s s u r e ,  a n d  t h e  
a p p a r e n t  a c t i v a t i o n  e n e r g y  was  d e t e r m i n e d  t o  be  24 k c a l . /  
m o l e .  The i n i t i a l  r e d u c t i o n  was a l w a y s  c h a r a c t e r i z e d  by  
a  v e r y  h i g h  r a t e ,  and  t h i s  was  i n t e r p r e t e d  b y  C h u f a r o v  t o  
c o r r e s p o n d  t o  t h e  s t e p w i s e  f o r m a t i o n  o f  t h e  i n t e r m e d i a t e  
o x i d e ,  Mn2 0 3 . The h i g h  i n i t i a l  r a t e  was f o u n d  t o  f a l l  
s h a r p l y  w i t h  t h e  p r o g r e s s  o f  t h e  r e a c t i o n ,  b e c o m i n g  p r a c ­
t i c a l l y  c o n s t a n t  a t  a p p r o x i m a t e l y  2 2 ,  40 a n d  50% r e d u c t i o n  
( b a s e d  on c o n v e r s i o n  t o  MnO) a t  4 0 0 ° ,  4 5 0 ° ,  and  5 0 0 ° C ,  
r e s p e c t i v e l y .  The r a t e  t h e r e a f t e r  d e c r e a s e d  o n l y  s l i g h t l y  
u p  t o  a b o u t  80 o r  90% r e d u c t i o n ,  a f t e r  w h i c h  i t  d e c r e a s e d
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7r e l a t i v e l y  q u i c k l y .  I t  was c o n c l u d e d  t h a t  t h i s  r e d u c t i o n  
b e h a v i o r  was i n d i c a t i v e  o f  s t e p w i s e  r e d u c t i o n .
(3 3  )I n  a s e c o n d  p a p e r v J  C h u f a r o v  a n d  c o - w o r k e r s  r e p o r t ­
ed  r e d u c t i o n  d a t a  u s i n g  c a r b o n  m o n o x i d e .  The r a t e  o f  MnC^ 
r e d u c t i o n  i n c r e a s e d  w i t h  t h e  CO p r e s s u r e  i n  a  n o n l i n e a r  
f a s h i o n ,  a n d  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y  was f o u n d  t o
b e  1 6 . 2  k c a l . / m o l e .  The r e d u c t i o n  p r o c e e d e d  f a s t e r  w i t h
( 2  )c a r b o n  m o n o x id e  t h a n  w i t h  h y d r o g e n .  I n  a  t h i r d  p a p e r v ' ,  
Mn0 2 ,  a n d  Mn^O^ w e r e  r e d u c e d  i n  m i x t u r e s  o f  CO-CO2 .
The  r e d u c t i o n  r a t e s  w e r e  f o u n d  t o  b e  s e v e r e l y  r e t a r d e d  by 
c a r b o n  d i o x i d e ,  t h e  r a t e  o f  Mn0 2  b e i n g  i n v e r s e l y  p r o p o r t i o n ­
a l  t o  P q q * ^  3 5 0 ° C .  Some e x p e r i m e n t s  w e r e  a l s o  c o n d u c t e d
2
o n  t h e  r e d u c t i o n  o f  Mn20 3 a n d  Mn3 0 ^  a t  450°C  u s i n g  H2 -H 20 
m i x t u r e s .  H e r e  t h e  r a t e  was  s e v e r e l y  i n h i b i t e d  b y  t h e  
p r e s e n c e  o f  w a t e r  v a p o r .  No d a t a  w e r e  p r e s e n t e d  on  t h e
e f f e c t  o f  w a t e r  v a p o r  on t h e  r e d u c t i o n  o f  Mn02 .
C h u f a r o v * s  k i n e t i c  d a t a  w e r e  n o t  s u p p l e m e n t e d  by  p h a s e  
i d e n t i f i c a t i o n  o f  t h e  p a r t i a l  r e d u c t i o n  p r o d u c t s .  The c o n ­
c l u s i o n  t h a t  t h e  r e d u c t i o n  o f  Mn0 2  p r o c e e d s  s t e p w i s e  a p ­
p e a r s  u n w a r r a n t e d  i n a s m u c h  a s  i t  i s  b a s e d  o n l y  on t h e  
q u a l i t a t i v e  s h a p e  o f  t h e  r e d u c t i o n  c u r v e s .
S e v e r a l  o t h e r  p u b l i c a t i o n s  w h i c h  r e l a t e  t o  t h e  r e d u c ­
t i o n  o f  Mn02 , b u t  w h i c h  a r e  o f  l e s s  v a l u e  t h a n  t h e  C h u f a r o v  
s e r i e s ,  w i l l  now be  r e v i e w e d  b r i e f l y .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8( 4 )The  B u r e a u  o f  M ines  h a s  p u b l i s h e d  l i m i t e d  d a t a  on 
t h e  r e d u c t i o n  o f  m a n g a n e s e - s i l v e r  o r e s .  T h e i r  p r i n c i p a l  
o b j e c t ,  h o w e v e r ,  was  t o  d e t e r m i n e  t h e  c o n d i t i o n s  f o r  t h e  
o p t im u m  r e c o v e r y  o f  s i l v e r  ( b y  c y a n i d a t i o n )  a n d  n o t  t h e  
r e d u c t i o n  k i n e t i c s  o f  MnC^. I t  was f o u n d  t h a t  f o r  t h e  b e s t  
r e c o v e r y  o f  s i l v e r ,  r e d u c t i o n  o f  t h e  h i g h e r  o x i d e s  o f  man­
g a n e s e  t o  MnO was e s s e n t i a l .  E x p e r i m e n t s  s h o w e d  t h a t  i f  
t h e  o r e s  w e re  r e d u c e d  a t  r e l a t i v e l y  l o w  t e m p e r a t u r e s ,  t h e  
MnO p r o d u c t  r e o x i d i z e d  t o  a  g r e a t e r  o r  l e s s  d e g r e e  upon  
c o n t a c t  w i t h  a i r ,  w h i l e  r e d u c t i o n  a t  h i g h  t e m p e r a t u r e s  
p r o d u c e d  a  s t a b l e  MnO p r o d u c t .  C o n s e q u e n t l y ,  c o n s i d e r a b l e  
a t t e n t i o n  was d i r e c t e d  t o w a r d  d e t e r m i n i n g  t h e  s t a b i l i t y  o f  
t h e  c o m p l e t e l y  r e d u c e d  p r o d u c t  ( i . e . ,  MnO) a s  a  f u n c t i o n  
o f  r e d u c i n g  t e m p e r a t u r e .  H o w e v e r ,  q u a n t i t a t i v e  k i n e t i c  
d a t a  w e r e  r e p o r t e d  f o r  tw o  r u n s  on  a  S u m a t r a  o r e ,  i n  w h ic h  
t h e  Mn0 2  was i n d i c a t e d  t o  o c c u r  a s  nwadn . The  o r e  was r e ­
d u c e d  u s i n g  CO i n  one  c a s e  a n d  H2  i n  t h e  o t h e r ,  f o r  p e r i o d s  
o f  tw o  h o u r s  a t  s u c c e s s i v e  t e m p e r a t u r e s  r a n g i n g  f ro m  a p ­
p r o x i m a t e l y  1 0 0 °  t o  4 6 5 ° C .  T he  i n i t i a l  r e d a c t i o n  was some­
w h a t  f a s t e r  w i t h  CO, b u t  a t  l a t e r  s t a g e s  v e r y  l i t t l e  d i f ­
f e r e n c e  b e t w e e n  t h e  two r e d u c i n g  g a s e s  was  o b s e r v e d .  No 
a t t e m p t  was made t o  s t u d y  t h e  r e d u c t i o n  k i n e t i c s  i n  a n y  
d e t a i l .
D u noye r^® )  r e d u c e d  s e v e r a l  s p e c i m e n s  o f  m a n g a n e s e  
d i o x i d e ,  i n c l u d i n g  a  s i n g l e  s a m p l e  o f  b e t a - M n 0 2 ,  w i t h  
h y d r o g e n .  A c l o s e d  s y s t e m  was  u s e d  a n d  t h e  t e m p e r a t u r e
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swas p r o g r e s s i v e l y  i n c r e a s e d  d u r i n g  t h e  c o u r s e  o f  t h e  
r e a c t i o n .  He p l o t t e d  t h e  c h a n g e  i n  h y d r o g e n  p r e s s u r e  
v e r s u s  t e m p e r a t u r e ,  a n d  f r o m  t h i s  p l o t  c o n c l u d e d  t h a t  t h e  
r e d u c t i o n  s t a r t e d  a t  a p p r o x i m a t e l y  220°C w i t h  t h e  f o r m a t i o n  
o f  M ^ O ^ ,  w h ic h  was f u r t h e r  r e d u c e d  a t  a p p r o x i m a t e l y  260°C ,  
t h e  f i n a l  p r o d u c t  b e i n g  MnO ( a t  4 0 0 ° C ) .  The c o n c l u s i o n s  
r e l a t i n g  t o  t h e  n a t u r e  o f  t h e  i n t e r m e d i a t e  p r o d u c t s  w e re  
d e d u c e d  f r o m  t h e  q u a l i t a t i v e  s h a p e  o f  t h e  p r e s s u r e - t e m p e r -  
a t u r e  c u r v e .  D u n o y e r r s d a t a  s e r v e  m e r e l y  t o  i n d i c a t e  t h e  
a p p r o x i m a t e  t e m p e r a t u r e  r a n g e  i n  w h i c h  MnO 2  c a n  be  r e d u c e d .
A n i k e e v  e t  a l . ^ ^  r e d u c e d  s a m p l e s  o f  o r e  a n d  p u r e  Mn0 2  
w i t h  h y d r o g e n  a n d  c a r b o n  m o n o x i d e .  A v e r t i c a l - t u b e  f u r n a c e  
was u s e d  a n d  t h e  p r e s s u r e  was  m a i n t a i n e d  a t  a p p r o x i m a t e l y  
o n e  a t m o s p h e r e .  A num ber  o f  t e m p e r a t u r e s  i n  t h e  r a n g e  o f  
1 5 0 °  t o  400°C w e r e  i n v e s t i g a t e d .  B elow 3 5 0 ° C ,  CO was 
f o u n d  t o  r e d u c e  f a s t e r  t h a n  d i d  H2 , w h i l e  a t  h i g h e r  t e m p e r ­
a t u r e s  t h e  r e v e r s e  was t r u e .  B e c a u s e  o f  t h i s  i t  was c o n ­
c l u d e d  t h a t  t h e  p r o c e s s  was k i n e t i c - c o n t r o l l e d  b e l o w  3S0°C 
a n d  d i f f u s i o n - c o n t r o l l e d  a b o v e  t h i s  t e m p e r a t u r e .  H ow ever ,  
t h e  o b s e r v e d  r a t e s  i n  t h i s  s t u d y  w e r e  f o u n d  t o  v a r y  w i t h  
t h e  f l o w  r a t e  o f  t h e  r e d u c i n g  g a s ,  e v e n  a t  l o w  t e m p e r a t u r e s .  
O b v i o u s l y ,  t h e n ,  t h e s e  d a t a  c o n t a i n  a p p r e c i a b l e  g a s - t o -  
p a r t i c l e  m ass  t r a n s p o r t  r e s i s t a n c e .  The a u t h o r s  do n o t  
show an  A r r h e n i u s  p l o t ,  n o r  do t h e y  r e p o r t  a n  a p p a r e n t  
a c t i v a t i o n  e n e r g y .
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( 3 iC i s m a r u  a n d  V a s s  J’ r e d u c e d  p o w d e r  s a m p l e s  o f  man­
g a n e s e  d i o x i d e  i n  a  v e r t i c a l - t u b e  f u r n a c e  u s i n g  h y d r o g e n  
a t  one  a t m o s p h e r e  p r e s s u r e .  D a t a  f o r  o n l y  f o u r  r u n s  ( 3 5 0 °  
t o  4 9 0 °C )  a r e  r e p o r t e d .  C o n t r a r y  t o  o t h e r  i n v e s t i g a t o r s ,  
t h e s e  a u t h o r s  c l a i m  t h a t  u n d e r  t h e i r  c o n d i t i o n s  t h e  r e d u c ­
t i o n  t e r m i n a t e s  w i t h  t h e  f o r m a t i o n  o f  Mn^O^.  Once a g a i n ,  
a p p a r e n t l y  no  p h a s e  i d e n t i f i c a t i o n  w o rk  was  c o n d u c t e d  t o  
s u p p o r t  t h i s  c o n c l u s i o n .  An a p p a r e n t  a c t i v a t i o n  e n e r g y  o f  
2 2 . 6 2 7  k c a l . / m o l e  b a s e d  on  t h e  f o u r  r u n s  i s  r e p o r t e d .
( 2 9 )S o l d a t k i n  c o n c e n t r a t e d  h i s  e f f o r t s  on r e d u c i n g  
a g g l o m e r a t e s  p r e p a r e d  by  f u s i n g  n a t u r a l  o r e  s p e c i m e n s  w i t h  
v a r i o u s  a d d i t i o n s  o f  l i m e  a n d  c o k e  a t  a p p r o x i m a t e l y  1 5 0 0 ° C .  
I n a s m u c h  a s  t h e  m a n g a n e s e  d i o x i d e  was c o n v e r t e d  t o  Mn^O^
( b y  d i s s o c i a t i o n )  d u r i n g  t h i s  p r o c e s s ,  S o l d a t k i n ’ s s t u d y  
h a s  l i t t l e  d i r e c t  b e a r i n g  on t h e  p r e s e n t  w o r k .
I t  b e co m e s  a p p a r e n t  f r o m  t h i s  r e v i e w  t h a t  a n y  new 
s t u d y  o f  t h e  r e d u c t i o n  k i n e t i c s  s h o u l d  b e  s u p p o r t e d  by  
p h a s e  i d e n t i f i c a t i o n  s t u d i e s .
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CHAPTER I I I  
THEORY
S t a b l e  O x id e s  o f  M a n g a n e s e
X - r a y  e v i d e n c e ^ ^ ^  i n d i c a t e s  t h a t  t h e r e  a r e  f o u r  
s t a b l e  compounds  o f  m a n g a n e s e  a n d  o x y g e n  b e t w e e n  t h e  
s t o i c h i o m e t r i c  l i m i t s  o f  MnO^ o t o  2  0 : Mn0 2  ^ Mn2 ° 3 *
Mn^O^, a n d  MnO. T h e r e  a r e ,  h o w e v e r ,  p o l y m o r p h i c  a n d  d i s ­
p e r s e  f o r m s  o f  some o f  t h e s e  o x i d e s .  F u r t h e r m o r e ,  r a t h e r  
w i d e  d e v i a t i o n s  f r o m  s t o i c h i o m e t r i c  p r o p o r t i o n s  h a v e  b e e n  
o b s e r v e d .  F o r  e x a m p l e ,  R o d e ^ ^  h a s  r e p o r t e d  t h a t  o x i d a ­
t i o n  o f  m a n g an o u s  o x i d e  y i e l d s  a  h o m o g e n e o u s  s o l i d  s o l u ­
t i o n  i n  t h e  r a n g e  o f  MnO t o  MnO^ On t h e  o t h e r  h a n d ,
( 2 2 )M o o re  f o u n d  ( b y  X - r a y  s t u d i e s )  t h a t  t h e  MnO s t r u c t u r e  
a l o n e  was  r e t a i n e d  i n  o x i d a t i o n  u p  t o  MnO-^ 4 3 ,  a f t e r  w h i c h  
t h e  MnO p a t t e r n  d i s a p p e a r e d  c o m p l e t e l y  a n d  t h a t  f o r  Mn£0 3  
a p p e a r e d .  The o t h e r  m a n g a n e s e  o x i d e s  a r e  a l s o  known t o  
f o r m  i n  n o n s t o i c h i o m e t r i c  p r o p o r t i o n s .  H o w ev e r ,  t h e  s o l ­
u b i l i t y  l i m i t s  a r e  n o t  w e l l  e n o u g h  e s t a b l i s h e d  t o  p r e p a r e  
a  r e l i a b l e  m a n g a n e s e - o x y g e n  e q u i l i b r i u m  d i a g r a m  a t  t h i s  
t i m e .
Mn-H-0  R e d u c t i o n  E q u i l i b r i a
The  o x i d e  p h a s e s  w h i c h  a r e  i n  e q u i l i b r i u m  w i t h  g a s
m i x t u r e s  o f  H£ a n d  H2 O a r e  shown i n  a  c o n v e n i e n t  m a n n e r  i n
F i g u r e  1 ,  w h e re  t h e  e q u i l i b r i u m  c o n s t a n t s  c a l c u l a t e d  f r o m
(7 )■"the f r e e  e n e r g y  d a t a '  '  a r e  p l o t t e d  a g a i n s t  t e m p e r a t u r e .
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The b r o k e n  c u r v e s  a r e  d i s c u s s e d  a t  a  l a t e r  p o i n t  a n d  t h e  
r e a d e r  may d i s r e g a r d  t h e m  f o r  t h e  m om en t .  The u p p e r m o s t  
s o l i d  c u r v e  r e p r e s e n t s  t h e  e q u i l i b r i u m  r e a c t i o n ,
2M nO ^+ H2 = Mn20 3 +  H2<) ( 1 )
S i m i l a r l y ,  t h e  t h r e e  l o w e r  s o l i d  c u r v e s  r e p r e s e n t ,  i n  t u r n ,  
t h e  e q u i l i b r i u m  r e a c t i o n s ,
3Mn2 0 3 +  H2 = 2Mn30 4 -f  H2 0 ( 2 )
Mn3 0 4  +  H2  a  3MnO +  H20 ( 3 )
MnO +  H2  = Mn +  H2 0 ( 4 )
Each  a r e a  i n  t h e  d i a g r a m  r e p r e s e n t s  a s t a b l e  p h a s e ,  
a s  m a r k e d .  T h u s ,  i f  Mn02  i s  e x p o s e d  t o  a  H2 ~H20 g a s
m i x t u r e  a t  5 0 0 °C ,  a n d  i f  t h e  r a t i o  Pg q/ ^ h i s  m a i n t a i n e d
14 2  2  
g r e a t e r  t h a n  a b o u t  1 X 10 , no  r e d u c t i o n  c a n  o c c u r ;  i f ,
on  t h e  o t h e r  h a n d ,  t h e  r a t i o  i s  l e s s ,  r e d u c t i o n  t o  Mn2 0 3  
i s  t h e r m o d y n a m i c a l l y  f e a s i b l e .  S i m i l a r  c o n s i d e r a t i o n s  
a p p l y  t o  t h e  o t h e r  e q u i l i b r i u m  c u r v e s .  I t  i s  e v i d e n t  t h a t  
r e d u c t i o n  t o  MnO i s  f e a s i b l e  i n  t h e  e n t i r e  t e m p e r a t u r e  
r a n g e  o f  t h e  c h a r t ,  e v e n  w i t h  v e r y  l o w  h y d r o g e n  p a r t i a l  
p r e s s u r e s .  I n d e e d ,  r e d u c t i o n  o f  Mn02  down t o  MnO i s  p o s ­
s i b l e  a s  l o n g  a s  t h e  r a t i o  PH Q/ P H i s  l e s s  t h a n  a p p r o x -  
5 2 2 
i m a t e l y  1 X 10  . T h e r e  i s  t h e n  a  v e r y  h i g h  th e r m o d y n a m i c
p o t e n t i a l  f o r  t h e  r e d u c t i o n  o f  a n y  o f  t h e  h i g h e r  o x i d e s  
t o  MnO.
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Q u i t e  t h e  o p p o s i t e  i s  t r u e  f o r  t h e  r e d u c t i o n  o f  t h e  
m o n o x i d e  t o  m a n g a n e s e  m e t a l .  I n  t h i s  c a s e ,  r e d u c t i o n  a t  
5 0 0 ° C  c a n  p r o c e e d  o n l y  i f  t h e  r a t i o  PH 0 / P H i s  m a i n t a i n e d
n  2 2
l e s s  t h a n  a p p r o x i m a t e l y  5 X 10 . Even  a t  1600°K ( a b o v e
t h e  m e l t i n g  p o i n t  o f  m a n g a n e s e )  P „  rt/ P „  m u s t  b e  m a i n t a i n e d
2 2b e l o w  3 X 1 0 “  i n  o r d e r  t o  make  t h e  r e d u c t i o n  t o  Mn t h e r m o ­
d y n a m i c a l l y  p o s s i b l e .  C o n s e q u e n t l y ,  f u r t h e r  r e d u c t i o n  o f  
t h e  m o n o x id e  t o  t h e  m e t a l  d o e s  n o t  o c c u r  t o  a n y  a p p r e c i a b l e  
e x t e n t  i n  t h e  r e a l m  o f  p r a c t i c a l  t e m p e r a t u r e s .  H e n c e ,  
e q u i l i b r i u m  c o n s i d e r a t i o n s  p r e d i c t  t h a t  t h e  r e d u c t i o n  o f  
MnO w i t h  h y d r o g e n  t e r m i n a t e s  w i t h  t h e  m o n o x i d e .
I n  t h e  f o r e g o i n g  a n a l y s i s  t h e  g a s  p h a s e  was a s s u m e d
t o  c o n t a i n  o n l y  h y d r o g e n  a n d  w a t e r  v a p o r .  S i n c e  m a n g a n e s e
d i o x i d e  h a s  a  r e l a t i v e l y  h i g h  d i s s o c i a t i o n  p r e s s u r e ,  a  m o r e  
c o m p r e h e n s i v e  a p p r o a c h  w o u l d  b e  n o t  o n l y  t o  a c c o u n t  f o r  
r e a c t i o n s  ( 1 )  t h r o u g h  ( 4 ) ,  b u t  t o  c o n s i d e r  s i m u l t a n e o u s l y  
t h e  d i s s o c i a t i o n  r e a c t i o n ,  e q u a t i o n  ( 5 ) .
2Mn02 = Mn2 0 3 +  £ o 2 ( 5 )
E q u i v a l e n t l y ,  i t  i s  s u f f i c i e n t  t o  a c c o u n t  f o r  r e a c t i o n  
( 6 ).
»2 +  2° 2 = H2° (6)
I f  t h e  e q u i l i b r i u m  c o n s t a n t  o f  r e a c t i o n  ( 6 ) i s  g i v e n  by  K
PH2°
K = ------------ I ( 7 )
P P 2
H2 2
t h e  e q u i l i b r i u m  o x y g e n  p r e s s u r e s  i n  t h e  p r e s e n c e  o f
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h y d r o g e n  a n d  w a t e r  v a p o r  may b e  c a l c u l a t e d  i n  t h e  f o l l o w ­
i n g  m a n n e r .  R e a r r a n g i n g  e q u a t i o n  ( 7 ) ,
PH2o / PH2 = K p02
E q u a t i o n  ( 8 ) c a n  b e  s o l v e d  f o r  t h e  r a t i o  PH q / ph
2 2
a r b i t r a r i l y  s e l e c t e d  o x y g e n  p a r t i a l  p r e s s u r e s .  T h i s  c a l ­
c u l a t i o n  was c a r r i e d  o u t  a t  v a r i o u s  t e m p e r a t u r e s  a n d  t h e  
r e s u l t s  a r e  shown i n  F i g u r e  1 ,  w h e r e  e a c h  d a s h e d  c u r v e  
r e p r e s e n t s  a  c o n s t a n t  l e v e l  o f  o x y g e n  p r e s s u r e .  The s o l i d  
a n d  d a s h e d  c u r v e s  t o g e t h e r  c a n  b e  u s e d  t o  c a l c u l a t e  t h e  
c o m p o s i t i o n  o f  t h e  g a s  i n  e q u i l i b r i u m  w i t h  a n  o x i d e  p a i r .
The  c a l c u l a t i o n  o f  t h e  c o m p o s i t i o n  o f  t h e  g a s  i n
e q u i l i b r i u m  w i t h  a n  o x i d e  p a i r  i s  p e r h a p s  b e s t  i l l u s t r a t e d
w i t h  a  s p e c i f i c  e x a m p l e .  F o r  t h i s  p u r p o s e  c o n s i d e r  t h e
g a s  i n  e q u i l i b r i u m  w i t h  t h e  s o l i d  p h a s e s  Mn0 2  a n d  M n ^ ^  a t
5 3 0 ° C ,  a t  a  t o t a l  p r e s s u r e  o f  1 . 5  a t m o s p h e r e s .  From
F i g u r e  1 ,  PQ = 1 . 0  a t m . ,  a n d  l o g  PH q / p H = 1 3 . 3 ,  o r  
2 2 2 
13P H 0 ' PH = 2 X l o  . S i n c e  t h e  t o t a l  p r e s s u r e  i s  1 . 5  a t m . ,
2 2
P°2  +  ?H2 +  ?H2 0 = 1 ,5
1 . 0  +  PH +  2X101 3 Ph = 1 . 5
2 2
T h e r e f o r e ,  PH -  2 . 5  X 1 0 " '1'*  a t m . ,  a n d  PH q -  0 . 5  a t m .
2 2
I n a s m u c h  a s  t h e  e q u i l i b r i u m  o x y g e n  p r e s s u r e  i s  a p p r o x i m a t e l y  
one  a t m o s p h e r e ,  i t  i s  p o s s i b l e  t h a t  d i s s o c i a t i o n  a n d  r e d u c ­
t i o n  o f  Mn0 2  c o u l d  o c c u r  s i m u l t a n e o u s l y  a t  t h i s  t e m p e r a t u r e .  
Of c o u r s e ,  t h e  r e l a t i v e  r e a c t i o n  r a t e s  w i l l  d e t e r m i n e
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w h e t h e r  r e d u c t i o n  a n d  d i s s o c i a t i o n  c a n  a c t u a l l y  p r o c e e d  
s i m u l t a n e o u s l y .
An e x a m i n a t i o n  o f  t h e  o t h e r  c o n s t a n t  Pft c u r v e s  i n
2
F i g u r e  1 i n d i c a t e s  t h a t  t h e  d i s s o c i a t i o n  d r i v i n g  f o r c e  i s  
c l e a r l y  v e r y  s m a l l  b e l o w  a b o u t  4 5 0 ° C .  N e v e r t h e l e s s  i t  
s h o u l d  b e  b o r n e  i n  m in d  t h a t  d i s s o c i a t i o n  a n d  r e d u c t i o n  
c o u l d  p r o c e e d  s i m u l t a n e o u s l y  a t  t h e  h i g h e r  t e m p e r a t u r e s .
R a t e  S t e p s  i n  t h e  R e d u c t i o n  P r o c e s s
The g a s e o u s  r e d u c t i o n  o f  a  s o l i d  o x i d e  i s  u s u a l l y
t h o u g h t  t o  o c c u r  i n  t o p o c h e m i c a l  f a s h i o n ;  t h a t  i s ,  t h e  g a s -
s o l i d  r e a c t i o n  i s  g e n e r a l l y  b e l i e v e d  t o  o c c u r  a t  a  b o u n d a r y
(17  Vs e p a r a t i n g  two  s o l i d  p h a s e s .  I n d e e d ,  L a n g m u i r v 3  h a s  
shown t h a t  i f  a  s o l i d  p h a s e  a n d  g a s  r e a c t  t o  f o r m  a  s e c o n d  
s o l i d  p h a s e ,  t h e  r e a c t i o n  c a n  o c c u r  o n l y  a t  t h e  i n t e r f a c e  
s e p a r a t i n g  t h e  tw o  s o l i d  p h a s e s .  F u r t h e r m o r e ,  a  n u c l e u s  
o f  t h e  s e c o n d  p h a s e  m u s t  i n i t i a t e  t h e  r e a c t i o n .  Once t h e  
i n t e r f a c e  h a s  b e e n  e s t a b l i s h e d ,  t h e  r e d u c i n g  g a s  m u s t  
d i f f u s e  t h r o u g h  a  l a y e r  o f  t h e  r e a c t i o n  p r o d u c t .  C o n s e ­
q u e n t l y ,  t h e  o v e r a l l  r e d u c t i o n  p r o c e s s  f o r  a  n o n p o r o u s  
p a r t i c l e  o f  o x i d e  may b e  s e p a r a t e d  i n t o  t h e  f o l l o w i n g  s t e p s :  
S t e p  1 . T r a n s f e r  o f  r e d u c i n g  g a s  f r o m  t h e  b u l k  g a s  
s t r e a m  t h r o u g h  t h e  g a s  b o u n d a r y  l a y e r  t o  t h e  e x t e r i o r  
s u r f a c e  o f  t h e  p a r t i c l e ,  a n d  r e v e r s e  t r a n s f e r  o f  
p r o d u c t  g a s .
S t e p  2 . I n w a r d  d i f f u s i o n  o f  r e d u c i n g  g a s  a c r o s s  t h e
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o u t e r  r e d u c e d  l a y e r  ( m e t a l ,  o r  a  l o w e r  o x i d e ,  a s  t h e  
c a s e  may b e )  t o  t h e  r e a c t i o n  i n t e r f a c e ,  a n d  r e v e r s e  
d i f f u s i o n  o f  p r o d u c t  g a s .
S t e p  3 . G a s - s o l i d  c h e m i c a l  r e a c t i o n  a t  t h e  i n t e r f a c e  
s e p a r a t i n g  t h e  r e d u c e d  o u t e r  l a y e r  f r o m  t h e  u n r e a c t e d  
o x i d e .  T h i s  s t e p  i n c l u d e s  a n y  a s s o c i a t e d  a d s o r p t i o n  
a n d  d e s o r p t i o n  p h en o m en a  w h i c h  may o c c u r .
T h e r e  i s  a d d i t i o n a l  c o m p l i c a t i o n  when t h e  r e a c t i n g  
p a r t i c l e  i s  p o r o u s ,  f o r  t h e n  t h e  r e d u c i n g  g a s  may d i f f u s e  
i n t o  t h e  p o r o u s  v o l u m e  w i t h  s t e p s  2 a n d  3 o c c u r r i n g  t h r o u g h ­
o u t  t h e  p a r t i c l e  a l o n g  t h e  w a l l s  o f  t h e  p o r e  s t r u c t u r e .  
B e c a u s e  o f  t h e  g r e a t e r  s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n ,  
t h e  o v e r a l l  r e a c t i o n  r a t e  w i l l  b e  h i g h e r ;  h o w e v e r ,  s i n c e  
t h e  c o n c e n t r a t i o n  o f  t h e  r e d u c i n g  g a s  w i l l  v a r y  t h r o u g h o u t  
t h e  p a r t i c l e ,  t h e  r e d u c t i o n  w i l l  n o t  g e n e r a l l y  p r o c e e d  a t  
a  u n i f o r m  r a t e  a t  a l l  p o i n t s .  F u r t h e r m o r e ,  s i g n i f i c a n t  
t e m p e r a t u r e  g r a d i e n t s  may be  e s t a b l i s h e d  i n  p o r o u s  p a r t i c l e s  
u n d e r g o i n g  r e d u c t i o n .  H e n c e ,  t h e  c o m b i n a t i o n  o f  p o r e  d i f ­
f u s i o n  a n d  n o n i s o t h e r m a l  e f f e c t s  may e i t h e r  i n c r e a s e  ( f o r
a n  e x o t h e r m i c  r e a c t i o n  o n l y )  o r  d e c r e a s e  t h e  o b s e r v e d
(25  27 )r e d u c t i o n  r a t e s .  M e t h o d s  9 h a v e  b e e n  d e v e l o p e d  t o
e s t i m a t e  t h e  e x t e n t  o f  t h e s e  c o m p l i c a t i o n s ,  b u t  i n d e p e n d ­
e n t  e s t i m a t e s  o f  t h e  e f f e c t i v e  d i f f u s i o n  a n d  t h e r m a l  
c o n d u c t i v i t y  c o e f f i c i e n t s  m u s t  b e  m a d e .  I n  t h e  l a b o r a t o r y  
t h e s e  e f f e c t s  c a n  u s u a l l y  b e  m i n i m i z e d  b y  u s i n g  s u f f i c i e n t l y  
s m a l l  p a r t i c l e s ,  i n  w h i c h  c a s e  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e
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g r a d i e n t s  w o u l d  b e  s m a l l .
D e t e r m i n a t i o n  o f  R a t e - L i m i t i n g  S t e p
I n  t h e  f o l l o w i n g  d i s c u s s i o n  i t  i s  a s s u m e d  t h a t  t h e  
p a r t i c l e s  a r e  p e r f e c t l y  d e n s e  o r ,  i f  p o r o u s ,  t h a t  t h e y  a r e  
s m a l l  e n o u g h  s o  t h a t  t e m p e r a t u r e  a n d  c o n c e n t r a t i o n  g r a d i ­
e n t s  a r e  n e g l i g i b l e .
The c o n c e p t  o f  a  r a t e - l i m i t i n g  s t e p  i s  v e r y  u s e f u l  i n  
i n t e r p r e t i n g  h e t e r o g e n e o u s  k i n e t i c  d a t a .  I n  g e n e r a l ,  a n y  
o r  a l l  t h r e e  s t e p s  l i s t e d  a b o v e  may i n f l u e n c e  t h e  o b s e r v e d  
r e d u c t i o n  r a t e ;  h o w e v e r ,  i f  t h e  r e s i s t a n c e  o f f e r e d  by  one  
s t e p  i s  much g r e a t e r  t h a n  t h e  o t h e r s ,  i t  i s  s a i d  t o  be 
r a t e - d e t e r m i n i n g .  The o t h e r  tw o  s t e p s  t h e n  o c c u r  u n d e r  
v e r y  s m a l l  c o n c e n t r a t i o n  g r a d i e n t s ,  a n d  t h e i r  r e s i s t a n c e  
t o  t h e  o v e r a l l  r e a c t i o n  r a t e  may b e  n e g l e c t e d .  I f  s u f f i ­
c i e n t  d a t a  a r e  a v a i l a b l e ,  i t  i s  a  r e l a t i v e l y  s i m p l e  m a t t e r  
t o  d i s c r i m i n a t e  b e t w e e n  s t e p s  1 ,  2 ,  a n d  3 .  The v a r i a t i o n  
o f  t h e  o b s e r v e d  r a t e s  w i t h  t e m p e r a t u r e ,  p r e s s u r e ,  a n d  f l o w  
r a t e ,  i n  p a r t i c u l a r ,  l e n d s  i n s i g h t  i n t o  w h i c h  o f  t h e  s t e p s  
i s  r a t e - c o n t r o l l i n g .
When e i t h e r  o f  t h e  d i f f u s i o n  s t e p s  ( 1  o r  2 )  c o n t r o l s ,  
t h e  r e d u c t i o n  r a t e s  w o u ld  b e  r a t h e r  i n s e n s i t i v e  t o  t e m p e r ­
a t u r e .  B e c a u s e  d i f f u s i o n  p r o c e s s e s  h a v e  a c t i v a t i o n  
e n e r g i e s  o f  o n l y  one  o r  tw o  k c a l . / m o l e ,  t h e  o b s e r v e d  
a c t i v a t i o n  e n e r g y  w o u ld  a l s o  b e  on t h e  o r d e r  o f  o n e  o r
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tw o  k c a l * / m o l e .  I f  b o u n d a r y - l a y e r  t r a n s p o r t  ( s t e p  1 )  
c o n t r o l s ,  t h e  o b s e r v e d  r a t e  w o u ld  v a r y  w i t h  t h e  g a s  f l o w  
r a t e ;  w h e r e a s  i f  d i f f u s i o n  a c r o s s  t h e  p r o d u c t  l a y e r  c o n t r o l s ,  
t h e  o b s e r v e d  r a t e  w o u ld  b e  i n s e n s i t i v e  t o  t h e  g a s  f l o w  r a t e .
I f  t h e  c h e m i c a l  r e a c t i o n  s t e p  c o n t r o l s ,  t h e  o b s e r v e d  
r a t e  w o u ld  be  i n s e n s i t i v e  t o  f l o w  r a t e ,  b u t  w o u ld  b e  a 
s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e ,  w i t h  a n  a p p a r e n t  a c t i v a t i o n  
e n e r g y  on t h e  o r d e r  o f  10  t o  60 k c a l . / m o l e .  F r e q u e n t l y ,  i t  
i s  f o u n d  t h a t  c h e m i c a l  r e a c t i o n  c o n t r o l s  a t  r e l a t i v e l y  lo w  
t e m p e r a t u r e s ;  b u t  a s  t h e  t e m p e r a t u r e  i s  r a i s e d ,  a  p o i n t  i s  
o f t e n  r e a c h e d  w h e r e  s i g n i f i c a n t  d i f f u s i o n a l  r e s i s t a n c e s  
b e g i n  t o  a p p e a r .  S u c h  b e h a v i o r  c h a r a c t e r i s t i c a l l y  i n v o l v e s  
a  b r e a k  i n  t h e  l i n e a r i t y  o f  a n  A r r h e n i u s  p l o t ,  w i t h  a  
c o n s e q u e n t  d e c r e a s e  i n  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y .
The i n f l u e n c e  o f  p r e s s u r e  w i l l  a l s o  v a r y ,  d e p e n d i n g  
on w h i c h  s t e p  c o n t r o l s  t h e  r e d u c t i o n  p r o c e s s .  A l t h o u g h  
t h e  d i s c u s s i o n  w h i c h  f o l l o w s  a s s u m e s  t h a t  h y d r o g e n  i s  t h e  
r e d u c i n g  g a s ,  t h e  c o n c l u s i o n s  a p p l y  e q u a l l y  w e l l  t o  a n y  
o t h e r  r e d u c i n g  g a s .
I f  s t e p  1 ,  b o u n d a r y - l a y e r  t r a n s p o r t ,  c o n t r o l s ,  a n  
i n c r e a s e  i n  t h e  h y d r o g e n  p a r t i a l  p r e s s u r e  a t  c o n s t a n t  
t o t a l  p r e s s u r e  i n c r e a s e s  t h e  d r i v i n g  f o r c e  f o r  g a s  t r a n s ­
p o r t ;  t h e  r e d u c t i o n  r a t e  a c c o r d i n g l y  i n c r e a s e s  i n  d i r e c t  
p r o p o r t i o n  t o  t h e  i n c r e a s e  i n  h y d r o g e n  p a r t i a l  p r e s s u r e .
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On t h e  o t h e r  h a n d ,  t h e  r e d u c t i o n  r a t e  w i l l  r e m a i n  e s s e n ­
t i a l l y  c o n s t a n t  i f  t h e  t o t a l  g a s  p r e s s u r e  i s  i n c r e a s e d
w h i l e  t h e  p e r c e n t a g e  o f  h y d r o g e n  i n  t h e  s t r e a m  i s  m a i n ­
t a i n e d  c o n s t a n t *  I n  t h i s  c a s e  t h e  i n c r e a s e  i n  d r i v i n g  
f o r c e  a c r o s s  t h e  b o u n d a r y  l a y e r  d u e  t o  a n  i n c r e a s e  i n  
h y d r o g e n  p a r t i a l  p r e s s u r e  i s  v e r y  n e a r l y  c o u n t e r b a l a n c e d  
by  t h e  d e c r e a s e  i n  t h e  m ass  t r a n s f e r  c o e f f i c i e n t .  The 
l a t t e r  d e c r e a s e s  b e c a u s e  t h e  m o l e c u l a r  d i f f u s i v i t y  i s  i n ­
v e r s e l y  p r o p o r t i o n a l  t o  t h e  t o t a l  p r e s s u r e .
I f  s t e p  2 ,  d i f f u s i o n  t h r o u g h  t h e  s o l i d  r e d u c t i o n  
p r o d u c t ,  c o n t r o l s ,  t h e  g a s  p r e s s u r e  w i l l  i n f l u e n c e  t h e  
r a t e  i n  a  m anner  d e p e n d e n t  on w h e t h e r  t h e  t r a n s p o r t  i s  by 
o r d i n a r y  m o l e c u l a r  d i f f u s i o n  o r  by  K n u d se n  d i f f u s i o n .  ( I n
K n u d s e n  d i f f u s i o n ,  t h e  mean f r e e  p a t h  o f  t h e  m o l e c u l e s  i s
much l a r g e r  t h a n  t h e  p o r e  d i a m e t e r s ;  c o n s e q u e n t l y ,  d i f f u ­
s i o n  i n  t h i s  r e g i m e  d o e s  n o t  p r o c e e d  i n  t h e  o r d i n a r y  
m a n n e r . )  I n  t h e  f i r s t  c a s e ,  b e h a v i o r  i s  t h e  sam e  a s  when 
s t e p  1 c o n t r o l s ;  t h a t  i s ,  a n  i n c r e a s e  i n  t o t a l  p r e s s u r e  a t  
c o n s t a n t  h y d r o g e n  c o m p o s i t i o n  w i l l  n o t  a p p r e c i a b l y  i n f l u e n c e  
t h e  r e d u c t i o n  r a t e .  I f ,  h o w e v e r ,  t h e  p o r e s  a r e  s m a l l  e n o u g h  
so  t h a t  t r a n s p o r t  i s  by  K n u d s e n  d i f f u s i o n ,  a n  i n c r e a s e  i n  
p r e s s u r e  a t  c o n s t a n t  h y d r o g e n  c o m p o s i t i o n  w i l l  i n c r e a s e  t h e  
r e d u c t i o n  r a t e .  T h i s  i s  s o  b e c a u s e  t h e  K n u d s e n  d i f f u s i o n  
c o e f f i c i e n t  i s  i n d e p e n d e n t  o f  p r e s s u r e .  I n  e i t h e r  e x t r e m e  
c a s e ,  a n  i n c r e a s e  i n  h y d r o g e n  p a r t i a l  p r e s s u r e  a t  c o n s t a n t
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t o t a l  p r e s s u r e  i n c r e a s e s  t h e  d r i v i n g  f o r c e  f o r  t r a n s p o r t ,  
a n d  t h e  r e d u c t i o n  r a t e  w o u l d  a l s o  i n c r e a s e .
When c h e m i c a l  r e a c t i o n  c o n t r o l s ,  t h e  r e d u c t i o n  r a t e  
w i l l  v a r y  w i t h  h y d r o g e n  p r e s s u r e  i n  a  m ore  c o m p l i c a t e d  
f a s h i o n .  G e n e r a l l y  s p e a k i n g ,  a t  v e r y  l o w  h y d r o g e n  p a r t i a l  
p r e s s u r e s ,  t h e  r e a c t i o n  i n t e r f a c e  w i l l  be  r e l a t i v e l y  
s p a r s e l y  c o v e r e d  w i t h  a d s o r b e d  h y d r o g e n ,  a n d  t h e  r e d u c t i o n  
r a t e  w i l l  b e  d i r e c t l y  p r o p o r t i o n a l  t o  PH ; a t  h i g h  h y d r o g e n  
p a r t i a l  p r e s s u r e s  t h e  r a t e  w i l l  i n c r e a s e  l e s s  a n d  l e s s  a s  
Pjj i s  i n c r e a s e d  f u r t h e r ,  u n t i l ,  i n  t h e  l i m i t  when  t h e
A
r e a c t i n g  s u r f a c e  i s  c o m p l e t e l y  s a t u r a t e d  w i t h  a d s o r b e d  
h y d r o g e n ,  t h e  r e d u c t i o n  r a t e  a p p r o a c h e s  a maximum. P r o d u c t  
g a s  ( ^ O  i n  t h e  c a s e  o f  K ^)  c a n  r e t a r d  t h e  r a t e  i f  t h e  
r e a c t i o n  i s  r e v e r s i b l e ,  o r  i f  t h e  s u r f a c e  i s  p o i s o n e d  i n  
some m a n n e r  by t h e  p r o d u c t  g a s .  O t h e r  ga s  m o l e c u l e s  c a n  
a l s o  r e t a r d  t h e  r a t e  i f  t h e y  i n t e r a c t  w i t h  t h e  s u r f a c e  a t  
t h e  r e a c t i o n  i n t e r f a c e .
M o d e l s  f o r  t h e  R e d u c t i o n  P r o c e s s
A l t h o u g h  i t  i s  s e l d o m  p o s s i b l e  t o  d e d u c e  t h e  r e a c t i o n  
m e c h a n i s m  f r o m  k i n e t i c  d a t a  a l o n e ,  i t  i s  o f t e n  p o s s i b l e  to> 
c h a r a c t e r i z e  t h e  r e a c t i o n  i n  t e r m s  o f  a  p h y s i c a l  m o d e l  
w h i c h  r e p r e s e n t s  t h e  a c t u a l  r a t e  phen o m en a  r e a s o n a b l y  w e l l .  
A m o d e l  s e l d o m  s h e d s  a n y  new l i g h t  on  t h e  k i n e t i c s  o f  t h e  
r e a c t i o n  t h a t  c o u l d  n o t  b e  d e d u c e d  by  o t h e r  m e a n s ,  b u t  i t  
d o e s  p r o v i d e  a  c o n v e n i e n t  f r a m e w o r k  i n  w h ich  t o  c o r r e l a t e
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t h e  e x p e r i m e n t a l  d a t a .  I n  t h e  f o l l o w i n g  s e c t i o n s  m a t h e ­
m a t i c a l  r a t e  e x p r e s s i o n s  a r e  p r e s e n t e d  f o r  m o d e l s  i n  w h i c h  
t h e  o x i d e  i s  p i c t u r e d  a s  a  d e n s e ,  n o n p o r o u s  p a r t i c l e  i n  
t h e  s h a p e  o f  a  c u b e ,  a n d  i n  w h i c h  one  o f  t h e  t h r e e  s t e p s  i s  
t a k e n  a s  r a t e - c o n t r o l l i n g .  To i l l u s t r a t e  t h e  t e c h n i q u e ,  
t h e  d e r i v a t i o n  i s  c a r r i e d  o u t  i n  d e t a i l  f o r  t h e  c a s e  w h e r e  
s t e p  3 ,  t h e  g a s - s o l i d  r e a c t i o n  a t  t h e  i n t e r f a c e ,  i s  a s s u m e d  
t o  be r a t e - c o n t r o l l i n g .  S i m i l a r  e x p r e s s i o n s  f o r  m o d e l s  i n  
w h ic h  e i t h e r  o f  t h e  d i f f u s i o n  s t e p s  i s  r a t e - c o n t r o l l i n g  a r e  
a l s o  s u m m a r i z e d .  F i n a l l y ,  t h e  c o n d i t i o n s  u n d e r  w h i c h  t h e  
same e x p r e s s i o n s  may a l s o  b e  a p p l i e d  t o  p o r o u s  o x i d e s  a r e  
c o n s i d e r e d .
C h e m ic a l  r e a c t i o n  c o n t r o l s . The m o d e l  i s  b a s e d  u p o n  
s e v e r a l  a s s u m p t i o n s :
( 1 ) .  The o x i d e  p a r t i c l e  i s  a  n o n p o r o u s  c u b e  o f  e d g e  
l e n g t h  x 0 .
( 2 ) .  The r e d u c t i o n  r e a c t i o n  i s  o f  t h e  t y p e ,
A ( g )  +  B ( s )  — >  C ( g )  4- D ( s ) ,  
i s  i r r e v e r s i b l e ,  a n d  p r o c e e d s  a t  t h e  i n t e r f a c e  
b o u n d a r y  s e p a r a t i n g  p h a s e s  B a n d  b .
( 3 ) .  T e m p e r a t u r e  g r a d i e n t s  w i t h i n  t h e  p a r t i c l e  a r e  
n e g l i g i b l e .
( 4 ) .  O v e r a l l  p a r t i c l e  d i m e n s i o n s  do n o t  v a r y  d u r i n g  
r e d u c t i o n .
Once t h e  r e d u c t i o n  h a s  p r o c e e d e d  t o  a  f i n i t e  e x t e n t ,  a  
l a y e r  o f  s o l i d  b w i l l  h a v e  f o r m e d ,  a n d  t h e  e d g e  l e n g t h  o f
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t h e  u n r e a c t e d  c o r e  o f  B w i l l  h a v e  d e c r e a s e d  t o  x  ( x < x 0 ) .  
The r a t e  o f  r e d u c t i o n  o f  B, i n  m o l e s  p e r  u n i t  o f  t i m e ,  
w i l l  be p r o p o r t i o n a l  t o  t h e  i n t e r f a c i a l  s u r f a c e  a r e a ,  6x  .
dNR
B = r s ( 6 x  ) ( 9 )d t  s
The r e a c t i o n  r a t e  r g , i n  m o l e s  p e r  u n i t  a r e a  o f  u n r e a c t e d  
B, i s  a f u n c t i o n  o f  t e m p e r a t u r e ,  a n d  r e d u c i n g  g a s  compo­
s i t i o n  and  p r e s s u r e .  R e l a t i n g  t h e  r a t e  o f  d i s a p p e a r a n c e  
o f  B t o  t h e  i n w a r d  a d v a n c e  o f  t h e  i n t e r f a c e ,
NB = / ° B  * 3
w h e r e  i s  t h e  m o l a r  d e n s i t y  o f  B .  D i f f e r e n t i a t i n g  
w i t h  r e s p e c t  t o  t i m e ,
dN“  = <1 0 )d t
S u b s t i t u t i n g  ( 1 0 )  i n t o  ( 9 ) ,  we h a v e
3 P b  d t  "  6 r s 
The  l e n g t h  o f  t h e  cu b e  e d g e ,  x ,  may b e  r e l a t e d  t o  Z, t h e  
f r a c t i o n a l  c o n v e r s i o n  o f  B.
Volume o f  B r e a c t e d  _ x pvZ =
x  -  x 3
x o
T o t a l  v o lu m e  _  3
T h e r e f o r e ,
x  = x o (1 - z ) 1 / 3
D i f f e r e n t i a t i n g  w i t h  r e s p e c t  t o  t i m e ,
dx  _ _ 1 ( i  _ z \ ~ 2 / 3 dZ \
d t  ” 3 0 '  '  d t  '  }
S u b s t i t u t i n g  ( 1 2 )  i n t o  ( 1 1 ) ,  r e a r r a n g i n g ,  a n d  s p e c i f y i n g
t h e  i n t e g r a t i o n  l i m i t s ,
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■  z ) ’ 2 / a  d z  =  *< “  > 2 = 0  > t = 0
I n t e g r a t i n g ,  o n e  f i n d s :
t  = [ l  -  (1  -  Z ) 1/ 3]  ( 1 3 )
s
The t i m e  f o r  c o m p l e t e  r e a c t i o n ,  0 ,  i s  g i v e n  b y  s e t t i n g  
Z = 1 ,
I n  d i m e n s i o n l e s s  f o r m  e q u a t i o n  ( 1 3 )  becom es
|  = i -  ( i  -  * ) V 3 a u i *  { 1 4 )
w x 0
E q u a t i o n  ( 1 4 )  i s  a l s o  o b t a i n e d  f o r  a  d e n s e  s p h e r e  o f  
r a d i u s  x 0/ 2 .
I t  i s  s e e n  f r o m  e q u a t i o n  ( 1 3 )  o r  ( 1 4 )  t h a t  i f  c h e m i c a l  
r e a c t i o n  c o n t r o l s ,  a  p l o t  o f  1 -  (1  -  Z ) ^ / 3 v e r s u s  t i m e  
s h o u l d  be  l i n e a r  a n d  s h o u l d  p a s s  t h r o u g h  t h e  o r i g i n .  The 
s l o p e  o f  t h e  l i n e  w o u l d  b e  p r o p o r t i o n a l  t o  t h e  r a t e  p e r  
u n i t  a r e a ,  r g . F u r t h e r m o r e ,  r g , o r  t h e  q u a n t i t y  1 / 9 ,  
s h o u l d  be  a  s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e ,  w i t h  a n  a p p a r ­
e n t  a c t i v a t i o n  e n e r g y  c h a r a c t e r i s t i c  o f  a  c h e m i c a l  r e a c ­
t i o n .
B o u n d a r y - l a y e r  t r a n s p o r t  c o n t r o l s . I n  a  s i m i l a r  
m a n n e r  i t  may be  s h o w n t h a t ,  i f  b o u n d a r y - l a y e r  t r a n s ­
p o r t  c o n t r o l s ,  t h e  r e d u c e d  t i m e  o f  r e a c t i o n  i s  e q u a l  t o  
t h e  f r a c t i o n a l  c o n v e r s i o n ,  i .  e . ,
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w h e r e  ©^ i s  a  f u n c t i o n  o f  t h e  b o u n d a r y - l a y e r  m ass  t r a n s f e r  
c o e f f i c i e n t .  H e n c e ,  i f  t h i s  s t e p  i s  r a t e - c o n t r o l l i n g ,  a 
p l o t  o f  c o n v e r s i o n  v e r s u s  t i m e  s h o u l d  be  l i n e a r ,  a n d  t h e  
s l o p e ,  1 / 0 ^ ,  s h o u l d  be  r e l a t i v e l y  i n s e n s i t i v e  t o  t e m p e r ­
a t u r e .
D i f f u s i o n  t h r o u g h  p r o d u c t  l a y e r  c o n t r o l s . When s t e p  
2 i s  a s s u m e d  t o  b e  r a t e - c o n t r o l l i n g ,  i t  may be  shown 
t h a t
|  = 1 -  3 ( 1  -  Z ) 2 / 3 +  2 ( 1  -  Z) ( 1 6 )
2
w h e r e  © 2  i s  a  f u n c t i o n  o f  t h e  e f f e c t i v e  d i f f u s i v i t y  o f  t h e  
r e d u c i n g  g a s  i n  t h e  r e a c t i o n  p r o d u c t  l a y e r .  I n  t h i s  c a s e  
t h e  t e r m  l / © 2  s h o u l d  b e  r e l a t i v e l y  i n s e n s i t i v e  t o  t e m p e r ­
a t u r e .
E q u a t i o n s  ( 1 4 ) ,  ( 1 5 ) ,  a n d  ( 1 6 )  a n d  t h e  t e m p e r a t u r e  
d e p e n d e n c i e s  o f  ©, 0-^, a n d  ©g p r o v i d e  a  c o n v e n i e n t  means  
o f  t e s t i n g  f o r  t h e  r a t e - c o n t r o l l i n g  s t e p .
R e s i s t a n c e s  o f  c o m p a r a b l e  v a l u e . M a t h e m a t i c a l  
e x p r e s s i o n s  f o r  m o d e l s  i n  w h i c h  t h e  r e s i s t a n c e s  o f  tw o  o r  
t h r e e  s t e p s  a r e  o f  c o m p a r a b l e  v a l u e  h a v e  a l s o  b e e n  
d e r i v e d ^ 2 ^* 2 ©) .  T h e s e  e x p r e s s i o n s  a r e  som ew hat  i n v o l v e d  
t o  u s e ,  a n d  u n l e s s  i n d e p e n d e n t  e s t i m a t e s  f o r  t h e  b o u n d a r y -  
l a y e r  m ass  t r a n s f e r  c o e f f i c i e n t  a n d  e f f e c t i v e  d i f f u s i o n
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c o e f f i c i e n t  i n  t h e  r e a c t i o n - p r o d u c t  l a y e r  a r e  a v a i l a b l e ,  
some r a t h e r  e x t e n s i v e  c u r v e - f i t t i n g  i s  r e q u i r e d  t o  e v a l ­
u a t e  t h e  v a r i o u s  p a r a m e t e r s .  I n  m o s t  g a s - s o l i d  k i n e t i c  
i n v e s t i g a t i o n s  one  o f  t h e  t h r e e  r a t e  s t e p s —p r e d o m i n a t e s , 
a n d  t h e  d a t a  c a n  u s u a l l y  b e  c o r r e l a t e d  by  c o m p l e t e l y  
n e g l e c t i n g  t h e  o t h e r  tw o  r e s i s t a n c e s .  T h i s  s h o u l d  n o t  be  
i n t e r p r e t e d  t o  mean t h a t  tw o  o f  t h e  t h r e e  r a t e  s t e p s  a r e  
a l w a y s  c o m p l e t e l y  i n s i g n i f i c a n t .  N e v e r t h e l e s s ,  i n  m o s t  
c a s e s  t h e  r e s i s t a n c e  c o n t r i b u t i o n  o f  tw o  o f  t h e  s t e p s  i s  
q u i t e  s m a l l  c o m p ar ed  t o  t h e  t h i r d ,  a n d  u n l e s s  i n d e p e n d e n t  
e s t i m a t e s  o f  t h e  mass  t r a n s f e r  p a r a m e t e r s  a r e  a v a i l a b l e ,  
t h e r e  i s  p r o b a b l y  l i t t l e  j u s t i f i c a t i o n  f o r  g o i n g  t o  t h e  
m o re  c o m p le x  e x p r e s s i o n s .
A p p l i c a t i o n  o f  m o d e l s  t o  p o r o u s  p a r t i c l e s . I n  t h e  
l a b o r a t o r y  i t  i s  o f t e n  p o s s i b l e  t o  e l i m i n a t e  b o u n d a r y -  
l a y e r  ( s t e p  1 )  m ass  t r a n s p o r t  r e s i s t a n c e  by  u s i n g  s u f ­
f i c i e n t l y  l a r g e  f l o w  r a t e s  a n d  s m a l l  p a r t i c l e s .  I f ,  a g a i n ,  
s m a l l  e n o u g h  p a r t i c l e s  a r e  u s e d ,  p o r e  d i f f u s i o n  r e s i s t a n c e  
a n d  p a r t i c l e  t e m p e r a t u r e  g r a d i e n t s  may be p r a c t i c a l l y  
e l i m i n a t e d .  U n d e r  s u c h  c o n d i t i o n s  t h e  r e d u c t i o n  p r o c e e d s  
a l m o s t  u n i f o r m l y  on a l l  a v a i l a b l e  s u r f a c e ,  a n d  t h e  m o d e l  
e x p r e s s i o n s  b a s e d  on c o n t r o l l i n g  s t e p  2 o r  3 may s t i l l  be  
u s e d .  To do  t h i s ,  t h e  p o r o u s  o x i d e  p a r t i c l e  i s  p i c t u r e d  
a s  a  h y p o t h e t i c a l  a g g l o m e r a t i o n  o f  n u m e ro u s  i d e n t i c a l ,  
n o n p o r o u s  m i c r o p a r t i c l e s  i n  t h e  s h a p e  o f  c u b e s ,  e a c h  o f
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e d g e  x Q. The e n t i r e  s u r f a c e s  o f  a l l  cu b es  a r e  i m a g i n e d  t o  
b e  e x p o s e d  t o  r e a c t a n t  g a s  a t  a  c o n c e n t r a t i o n  e s s e n t i a l l y  
e q u a l  t o  t h e  b u l k  g a s  c o n c e n t r a t i o n .  I n  s u c h  a  m o d e l  t h e  
n um ber  o f  c u b e s  c o m p o s in g  a  s i n g l e  l a r g e r  a g g r e g a t e ,  a s  
w e l l  a s  t h e  c h a r a c t e r i s t i c  d i m e n s i o n  x Q, h a v e  m e a n i n g  o n l y  
i n  a  s t a t i s t i c a l  s e n s e .  N e v e r t h e l e s s ,  i t  s h o u l d  be  
p o s s i b l e  t o  a n a l y z e  a n d  c o r r e l a t e  t h e  e x p e r i m e n t a l  d a t a  i n  
t e r m s  o f  e q u a t i o n  ( 1 4 )  o r  ( 1 6 )  i f  t h e  a f o r e m e n t i o n e d  
c o n d i t i o n s  a r e  r e a l i z e d .




A p p a r a t u s
The g r e a t  m a j o r i t y  o f  t h e  r e a c t i o n s  w e r e  c o n d u c t e d  i n  
a  v e r t i c a l - t u b e  d i f f e r e n t i a l - f l o w  r e a c t o r .  R e l a t i v e l y  
s m a l l  s a m p l e s  o f  m a n g a n e s e  d i o x i d e  ( u s u a l l y  a b o u t  1 . 5  
g r a m s )  w e r e  u s e d  a n d  r e d u c i n g  g a s  f l o w  r a t e s  w e re  h i g h .
I n  t h e  q u a n t i t a t i v e  d r y  h y d r o g e n  k i n e t i c  r u n s  t h e  w a t e r  
v a p o r  c o n t e n t  i n  t h e  g a s e s  l e a v i n g  t h e  r e a c t o r  was a l w a y s  
l e s s  t h a n  0 . 2 $ ;  g e n e r a l l y ,  o n l y  t r a c e  a m o u n t s  o f  w a t e r  
v a p o r  w e r e  p r e s e n t .  P r o d u c t  w a t e r  v a p o r  was r e c o v e r e d  
o v e r  know n i n t e r v a l s  o f  t i m e ,  a n d  t h e s e  d a t a  fo r m e d  t h e  
b a s i s  f o r  f o l l o w i n g  t h e  k i n e t i c s  o f  t h e  r e d u c t i o n .
The  e s s e n t i a l  f e a t u r e s  o f  t h e  e q u i p m e n t  a r e  r e p r e s e n t e d  
s c h e m a t i c a l l y  i n  F i g u r e  2 .  The a p p a r a t u s  was  made p r i m a r i l y  
o f  P y r e x  g l a s s  w i t h  T y g o n  t u b i n g  u s e d  f o r  t h e  f l e x i b l e  c o n ­
n e c t i o n s  a n d  l / 4 - i n c h  c o p p e r  t u b i n g  f o r  t h e  l o n g  l i n e s .  
C y l i n d e r  h y d r o g e n  was m e t e r e d  t h r o u g h  a  b a l l  f l o w m e t e r  i n t o  
a  p u r i f i c a t i o n  co lum n  c o n t a i n i n g  p a l l a d i u m - c o a t e d  a l u m i n a ,  
w h e r e  t r a c e s  o f  o x y g e n  w e r e  c o n v e r t e d  t o  w a t e r  v a p o r .  The 
h y d r o g e n  was  t h e n  d i r e c t e d  t h r o u g h  e i t h e r  t h e  d r y e r  o r  
w a t e r  s a t u r a t o r ,  d e p e n d i n g  on  w h e t h e r  a  d r y  o r  m o i s t  s t r e a m  
was d e s i r e d .  The r e d u c i n g  g a s  t h e n  f l o w e d  t h r o u g h  t h e  
h e a t e d  r e a c t i o n  t u b e  i n  w h i c h  t h e  o x i d e  s p e c i m e n  was s u p ­
p o r t e d .  F o r  t h e  d r y  h y d r o g e n  r u n s ,  p r o d u c t  g a s  was d i r e c t e d
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t h r o u g h  a b s o r p t i o n  t u b e s ,  w h e r e  t h e  w a t e r  v a p o r  fo r m e d  by- 
r e a c t i o n  was  r e c o v e r e d .  F o r  t h e  m o i s t  f e e d  r u n s ,  c o n v e r ­
s i o n  c o u l d  n o t  be  b a s e d  on  w a t e r  r e c o v e r y  b e c a u s e  t h e  
w a t e r  a d d e d  t o  t h e  f e e d  ( i n  t h e  s a t u r a t o r )  e x c e e d e d  t h e  
s m a l l  a m o u n t  o f  w a t e r  f o r m e d  i n  t h e  r e a c t i o n  by  s e v e r a l  
o r d e r s  o f  m a g n i t u d e .  I n  t h e s e  c a s e s  i t  was n e c e s s a r y  t o  
b a s e  t h e  c o n v e r s i o n  on  o x i d e  w e i g h t  l o s s  a l o n e .  I n  a n y  
e v e n t ,  t h e  h y d r o g e n  was  f i n a l l y  d i r e c t e d  t h r o u g h  a  f l a s h ­
b a c k  c o n t r o l  t o  a  g a s  f l a m e  w h e r e  i t  was  b u r n e d .
The d r y e r  c o n s i s t e d  o f  tw o  t o w e r s  i n  s e r i e s ,  t h e  
f i r s t  c o n t a i n i n g  D r i e r i t e  ( a n h y d r o u s  c a l c i u m  s u l f a t e ) ,  
t h e  s e c o n d ,  A n h y d r o n e  ( a n h y d r o u s  m a g n e s iu m  p e r c h l o r a t e ) .
The s a t u r a t o r  i s  d e p i c t e d  i n  F i g u r e  3 .  M o i s t u r e  was 
a d d e d  t o  t h e  h y d r o g e n  s t r e a m  a t  a  c o n t r o l l e d  c o n c e n t r a t i o n  
by  b u b b l i n g  t h e  g a s  t h r o u g h  a  s e r i e s  o f  two f l a s k s  c o n ­
t a i n i n g  d i s t i l l e d  w a t e r .  The f l a s k s  w e re  p l a c e d  i n  a 
c o n s t a n t  t e m p e r a t u r e  b a t h ,  i n  w h i c h  t h e  t e m p e r a t u r e  i n  
t h e  r a n g e  o f  5 °  t o  50°C was e a s i l y  c o n t r o l l e d  w i t h i n  
- 0 . 2 ° C  by  m e an s  o f  i n d e p e n d e n t  h e a t i n g  a n d  r e f r i g e r a t i o n  
c o i l s .  I n  t h e  m o i s t  h y d r o g e n  r u n s ,  t h e  e n t i r e  e x t e r n a l  
s y s t e m  was m a i n t a i n e d  a t  a  t e m p e r a t u r e  a b o v e  t h e  w a t e r  
b a t h  t o  p r e v e n t  c o n d e n s a t i o n  o f  w a t e r  v a p o r .  T h i s  was 
a c c o m p l i s h e d  by h e a t i n g  t h e  g a s  l i n e s  w i t h  e l e c t r i c a l  
r e s i s t a n c e  e l e m e n t s  a n d  by  h e a t i n g  t h e  u p p e r  u n i n s u l a t e d  
p o r t i o n  o f  t h e  r e a c t i o n  t u b e  by  i n f r a r e d  l a m p s .
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The w a t e r  r e c o v e r y  s y s t e m  c o n s i s t e d  o f  tw o  t r a i n s  o f  
S c h w a r t z - t y p e  U - t u b e s  w h i c h  w e r e  p a c k e d  w i t h  A n h y d r o n e .
E a c h  t r a i n  c o n t a i n e d  tw o  U - t u b e s  i n  s e r i e s *  w h i c h  w e re
p a r t i a l l y  i m m e r s e d  i n  a n  i c e  b a t h .  The g a s  s t r e a m  was
a l t e r n a t e l y  d i r e c t e d  f r o m  o n e  t r a i n  t o  t h e  o t h e r  by  m a n i p ­
u l a t i n g  a  n u m b e r  o f  t o g g l e  v a l v e s .  The S c h w a r t z  t u b e s  w e r e
a p p r o x i m a t e l y  s i x  i n c h e s  i n  l e n g t h ,  a n d  t h e  c o n n e c t i n g  s i d e
a r m s  w e re  e q u i p p e d  w i t h  h i g h - v a c u u m  g r o u n d  g l a s s  j o i n t s  
c o n t a i n i n g  0 - r i n g  s e a l s .  The  l a t t e r  e l i m i n a t e d  t h e  n e e d  
f o r  a  s e a l i n g  l u b r i c a n t  a n d  f a c i l i t a t e d  q u i c k  a n d  e a s y  
d e t a c h m e n t  s o  t h a t  t h e  U - t u b e s  c o u l d  b e  p e r i o d i c a l l y  
w e i g h e d  d u r i n g  a  r u n .
D e t a i l s  o f  t h e  v e r t i c a l - t u b e  r e a c t o r  a n d  f u r n a c e  a r e  
s h o w n  i n  F i g u r e  4 .  A P y r e x  h e a v y - w a l l  r e a c t i o n  t u b e  was 
u s e d ,  m e a s u r i n g  1 - 3 / 1 6 - i n c h  I . D .  a n d  1 - 1 / 2 - i n c h  O . D . ,  w i t h  
g r o u n d  g l a s s  h i g h - v a c u u m  s e a l s  on e i t h e r  e n d  ( r e q u i r i n g  no 
l u b r i c a n t ) .  The f u r n a c e  c o r e  was a n  e x t e r n a l l y - t h r e a d e d  
A lundum  t u b e  m e a s u r i n g  24 i n c h e s  i n  l e n g t h  w i t h  a  1 - 3 / 4 -  
i n c h  b o r e ,  2 - 1 / 4 - i n c h  O . D . ,  a n d  a  t h r e a d  p i t c h  o f  1 / 4  i n c h .  
T h r e e  s e p a r a t e  w i n d i n g s  o f  2 4 - g a u g e  N ic h ro m e  V w i r e ,  e a c h  
c o v e r i n g  8 i n c h e s  o f  t u b e  l e n g t h ,  w e r e  p l a c e d  i n  t h e  
g r o o v e s  o f  t h e  c o r e .  T h e s e  w e r e  c o v e r e d  w i t h  a  l a y e r  o f  
A lundum  c e m e n t  t o  a s s u r e  e l e c t r i c a l  i n s u l a t i o n .  The c o r e  
a s s e m b l y  was p l a c e d  i n  a  f u r n a c e  a t  1000°C  f o r  a p e r i o d  o f  
s i x  h o u r s  t o  a l l o w  t h e  Alundum c e m e n t  t o  c u r e .  The en d s
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o f  e a c h  N ic h ro m e  w i n d i n g  w e re  d o u b l e d  o v e r  a n d  t w i s t e d  t o  
f u r n i s h  p ow er  l e a d s  w h ic h  w e r e  c o n n e c t e d  t o  v a r i a b l e  
t r a n s f o r m e r s .  S i x  C h r o m e l - A l u m e l  t h e r m o c o u p l e s  w e re  
s e c u r e d  t o  t h e  o u t s i d e  s u r f a c e  o f  t h e  P y r e x  r e a c t i o n  t u b e  
w i t h  g l a s s  f i b e r  c o r d  a t  s t r a t e g i c  p o s i t i o n s  o v e r  t h e  
l e n g t h  o f  t h e  f u r n a c e .  One o f  t h e s e  was l o c a t e d  a t  t h e  
v e r t i c a l  c e n t e r  o f  t h e  c o r e ,  a n d  a  s e c o n d  a n d  t h i r d  w e re  
p l a c e d  two i n c h e s  a b o v e  a n d  b e l o w  t h e  c e n t e r e d  t h e r m o ­
c o u p l e .  The t e m p e r a t u r e  g r a d i e n t  a l o n g  t h e  h e a t e d  l e n g t h  
o f  t h e  r e a c t i o n  t u b e  was m e a s u r e d  by  m eans  o f  t h e s e  t h e r m o ­
c o u p l e s .
The f u r n a c e  was s u r r o u n d e d  b y  a n  8 - i n c h - d i a m e t e r  
a s b e s t o s  c o v e r e d  T r a n s i t e  p i p e ,  a n d  was p a c k e d  w i t h  c e r a m i c  
f i b e r  i n s u l a t i o n .  The p o r t i o n  o f  t h e  P y r e x  t u b e  e x p o s e d  
b e l o w  t h e  f u r n a c e ,  a n d  t h e  g r o u n d  g l a s s  c o n n e c t i o n s  and  
p r o d u c t  g a s  l i n e  l e a d i n g  t o  t h e  w a t e r  a b s o r p t i o n  t u b e s  
w e r e  t r a c e d  w i t h  a n  e l e c t r i c a l  h e a t i n g  t a p e .
The o x i d e  s p e c i m e n  ( u s u a l l y  1 . 5  g r a m s )  was p l a c e d  i n  
a  b a s k e t  c o n s t r u c t e d  f r o m  2 5 0 -m e sh  n i c k e l  w i r e  c l o t h .  I n  
some r u n s  two o r  t h r e e  s u c h  b a s k e t s ,  w i t h  a  p o r t i o n  o f  
t h e  o x i d e  i n  e a c h ,  w e re  u s e d  i n  c l o s e  s u c c e s s i o n  ( b o t t o m -  
t o - b o t t o m  d i s t a n c e  b e t w e e n  tw o  b a s k e t s  was a p p r o x i m a t e l y  
4 t o  5 m m .) .  The b a s k e t  a s s e m b l y  was a t t a c h e d  t o  a  c h a i n  
c o n s t r u c t e d  f r o m  l i n k s  o f  n i c k e l .  The u p p e r  end  o f  t h e  
c h a i n  was c o n n e c t e d  t o  a  s h o r t  l e n g t h  o f  g l a s s  f i b e r  c o r d
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w h i c h ,  i n  t u r n ,  was a t t a c h e d  t o  a  n i c k e l - p l a t e d  s o f t  i r o n ,  
t h i n - w a l l e d ,  h o l l o w  c y l i n d e r .  The c y l i n d e r  was h e l d  i n  
p o s i t i o n  b y  a  p e r m a n e n t  m a g n e t  w h i c h  c o u l d  be r a i s e d  o r  
l o w e r e d  a t  w i l l ,  t h u s  p r o v i d i n g  a n  e x t e r n a l  m eans  o f  
p o s i t i o n i n g  t h e  o x i d e  s p e c i m e n  i n t o  o r  o u t  o f  t h e  h e a t e d  
z o n e  w h i l e  t h e  r e a c t i o n  t u b e  was s e a l e d .
A P y r e x  t h e r m o c o u p l e  p r o b e  p l a c e d  i n  t h e  c e n t e r  o f  
t h e  r e a c t i o n  t u b e  t e r m i n a t e d  a p p r o x i m a t e l y  1 / 4  i n c h  f r o m  
t h e  b o t t o m  o f  t h e  s a m p l e  b a s k e t  a s s e m b l y .  Two i d e n t i c a l  
C h r o m e l - A l u m e l  t h e r m o c o u p l e s  w e r e  i n s e r t e d  i n  t h i s  p r o b e ;  
one  was u s e d  a s  t h e  c o n t r o l  t h e r m o c o u p l e  a n d  t h e  s e c o n d  t o  
m e a s u r e  t h e  a p p a r e n t  s a m p l e  t e m p e r a t u r e .  The t e m p e r a t u r e  
a s  s e n s e d  by  t h e  c o n t r o l  t h e r m o c o u p l e  was  r e c o r d e d  a n d  
c o n t r o l l e d  by  a  L e e d s  & N o r t h r u p  S p e e d o m a x  H R e c o r d e r  w i t h  
t y p e  D. A. T .  c o n t r o l  u n i t .  The l a t t e r  c o n t r o l l e d  t h e  
po w er  i n p u t  t o  t h e  c e n t r a l  f u r n a c e  c o i l  o n l y .  P o w e r  i n ­
p u t  t o  t h e  t o p  a n d  b o t t o m  c o i l s  was c o n t r o l l e d  m a n u a l l y .
The m e a s u r i n g  t h e r m o c o u p l e  a n d  t h e  s i x  t u b e - s u r f a c e  t h e r m o ­
c o u p l e s  w e r e  c o n n e c t e d  t h r o u g h  a  m u l t i p l e  s w i t c h  ( n o t  show n  
i n  F i g u r e  4 )  t o  common t e r m i n a l s  a n d  t h e n c e  t o  a  L e e d s  & 
N o r t h r u p  M o d e l  8686  p o t e n t i o m e t e r .  U n d e r  m o s t  e x p e r i m e n t a l  
c o n d i t i o n s  t h e  a p p a r e n t  s a m p l e  t e m p e r a t u r e  was c o n t r o l l e d  
w i t h i n  1°C o f  t h e  d e s i r e d  t e m p e r a t u r e .  The l o n g i t u d i n a l  
g r a d i e n t  a l o n g  t h e  w a l l  o f  t h e  c e n t r a l  f o u r - i n c h  v e r t i c a l  
s e c t i o n  o f  t h e  P y r e x  t u b e  s e l d o m  e x c e e d e d  2 ° C .  The
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t e m p e r a t u r e  s e n s e d  by  t h e  t h e r m o c o u p l e s  i n  t h e  p r o b e  an d  
t h e  a d j a c e n t  P y r e x  w a l l  t h e r m o c o u p l e  u s u a l l y  a g r e e d  w i t h i n  
1 °  o r  2 °C .
B e c a u s e  o f  t h e  t e m p e r a t u r e  l i m i t a t i o n s  o f  P y r e x ,  t h e  
v e r y  h i g h  t e m p e r a t u r e  e x p e r i m e n t s  w e r e  c o n d u c t e d  i n  a  25 
mm. d i a m e t e r ,  750 mm. l o n g  V y c o r  t u b e  p l a c e d  h o r i z o n t a l l y  
i n  a  c o n v e n t i o n a l  h i n g e d - t o p  c o m b u s t i o n  f u r n a c e  ( F i g u r e  5 ) .  
The  e n d s  o f  t h e  t u b e  w e r e  c o n n e c t e d  t o  8 mm. P y r e x  t u b e s  
by r u b b e r  s t o p p e r s  s e a l e d  w i t h  G l y p t a l .  I n  t h e s e  r u n s  t h e  
o x i d e  s p e c i m e n s  w e r e  h e l d  i n  A lu n d u m  b o a t s .  H e n c e ,  a c c e s s
o f  h y d r o g e n  was f r o m  t h e  t o p  s u r f a c e  o n l y .  C o n t r o l  a n d
m e a s u r i n g  t h e r m o c o u p l e s  w e r e  p l a c e d  i n  a  t h e r m o c o u p l e  p r o b e  
i m m e d i a t e l y  a b o v e  t h e  b o a t ;  d u r i n g  r e a c t i o n  p e r i o d s  t h e  
a p p a r e n t  s a m p l e  t e m p e r a t u r e  was  m a i n t a i n e d  w i t h i n  a p p r o x ­
i m a t e l y  i  5 °  t o  10°C o f  t h e  d e s i r e d  t e m p e r a t u r e .  O t h e r  
a s p e c t s  o f  t h e  e q u i p m e n t  ( d r y e r s ,  w a t e r  r e c o v e r y ,  e t c . )  
w e r e  i d e n t i c a l  t o  t h e  e a r l i e r  d e s c r i p t i o n .
Raw M a t e r i a l s
S y n t h e t i c  p y r o l u s i t e  was  d e r i v e d  f r o m  50% a q u e o u s  
m a n g a n e s e  n i t r a t e  s o l u t i o n s  p u r c h a s e d  f r o m  t h e  F i s h e r  
S c i e n t i f i c  Company. The b u l k  o f  t h e  w a t e r  was f i r s t  r e ­
moved by  e v a p o r a t i n g  t h e  s o l u t i o n  on  w a t e r  b a t h s  f o r  a p p r o x
i m a t e l y  2 - 1 / 2  h o u r s .  The c o n c e n t r a t e d  n i t r a t e  s o l u t i o n  was 
t h e n  p y r o l y z e d  i n  a  f o r c e d - a i r  c i r c u l a t i o n  o v e n  a t  a  c o n ­
t r o l l e d  t e m p e r a t u r e  o f  200°C f o r  24  h o u r s .  The p r o d u c t
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was rem oved  f r o m  t h e  o v e n ,  w as  c r u s h e d ,  a n d  w as  s c r e e n e d  
i n t o  v a r i o u s  p a r t i c l e - s i z e  f r a c t i o n s .  The f r a c t i o n s  w e r e  
h e a t e d  i n  t h e  o v e n  f o r  a  s e c o n d  2 4 - h o u r  p e r i o d  a t  2 0 0 ° C .  
P y r o l y s i s  o f  t h e  n i t r a t e  i s  r e p o r t e d ^ ^ ’ t o  y i e l d  t h e  
b e t a  m o d i f i c a t i o n  o f  Mn0 2 ,  t h a t  i s ,  t h e  p y r o l u s i t e  f o r m .
T h i s  was v e r i f i e d  by  c o m p a r i n g  t h e  X - r a y  d i f f r a c t i o n  p a t ­
t e r n  o f  t h e  p r o d u c t  w i t h  t h a t  r e  p o r t  e d ^ - ^ *  ^ 2 ,  3 0 )  ^ o r
p y r o l u s i t e .
The o x i d e  was a n a l y z e d  f o r  a v a i l a b l e  o x y g e n  by  r e d u c ­
i n g  t h e  m a n g a n e s e  d i o x i d e  w i t h  a n  e x c e s s  o f  s o d i u m  o x a l a t e  
i n  a c i d  s o l u t i o n  a n d  d e t e r m i n i n g  t h e  e x c e s s  b y  t i t r a t i o n  
w i t h  a  s t a n d a r d  p o t a s s i u m  p e r m a n g a n a t e  s o l u t i o n .  The 
a v a i l a b l e  o x y g e n  d e t e r m i n e d  i n  t h i s  m a n n e r  was  f o u n d  t o  b e  
1 8 . 4 1 #  i  0 . 0 7 # ,  a s  c o m p a r e d  t o  a  c a l c u l a t e d  v a l u e  o f  1 8 . 4 0 #  
f o r  s t o i c h i o m e t r i c  Mn02» T h e  m a n g a n e s e  c o n t e n t  was d e t e r ­
m in ed  a c c o r d i n g  t o  t h e  b i s m u t h a t e  m e t h o d .  S a m p l e s  o f  t h e  
o x i d e  w e r e  d i s s o l v e d  b y  t r e a t m e n t  w i t h  3 0 #  h y d r o g e n  p e r ­
o x i d e  a n d  d i l u t e  n i t r i c  a c i d ;  m a n g a n o u s  i o n  was t h e n  
o x i d i z e d  t o  p e r m a n g a n a t e  i o n  b y  a d d i t i o n  o f  e x c e s s  s o d iu m  
b i s m u t h a t e ,  a n d  t h e  e x c e s s  w as  r e m o v e d  by  f i l t r a t i o n .  The 
p e r m a n g a n a t e  was s u b s e q u e n t l y  r e d u c e d  t o  m a n g a n o u s  i o n  by 
t h e  a d d i t i o n  o f  e x c e s s  f e r r o u s  ammonium s u l f a t e ;  a n d  f i n a l l y ,  
t h e  e x c e s s  f e r r o u s  i o n  w as  d e t e r m i n e d  by  t i t r a t i o n  w i t h  
s t a n d a r d  p e r m a n g a n a t e  s o l u t i o n .  The m a n g a n e s e  a n a l y z e d  a t  
6 3 . 1 8 #  i  0 . 0 8 # ,  c o m p a r e d  t o  a  c a l c u l a t e d  v a l u e  o f  6 3 . 1 9 #
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f o r  Mn02« The  c o m p o s i t i o n  o f  t h e  s y n t h e t i c  p y r o l u s i t e  was  
t h e r e f o r e  v e r y  c l o s e  t o  s t o i c h i o m e t r i c  m a n g a n e s e  d i o x i d e .
R e d u c t i o n  e x p e r i m e n t s  w e r e  c o n d u c t e d  u s i n g  b o t h  s i n g l e
c o m p r e s s e d  p e l l e t s  a n d  s m a l l  p a r t i c l e s  o f  p y r o l u s i t e .  Two
b a t c h e s  o f  t h e  o x i d e  w e r e  p r e p a r e d  i n  s e e m i n g l y  i d e n t i c a l
f a s h i o n ;  h o w e v e r ,  t h e  p o r e  s t r u c t u r e  o f  t h e  two  p r e p a r a t i o n s
d i f f e r e d  s l i g h t l y .  The  i n i t i a l  B. E .  T .  s u r f a c e  a r e a s ,  a s
(  23 )d e t e r m i n e d  on a  m o d i f i e d  N e l s o n  a n d  E g g e r t s e n '  J  c o n t i n u o u s -  
f l o w  a p p a r a t u s ,  w e r e  a l l  r e l a t i v e l y  l o w ,  a s  shown i n  T a b l e  1 .  
I t  w i l l  b e  o b s e r v e d  f r o m  t h e  d a t a  on B a t c h  A t h a t  t h e  s u r ­
f a c e  a r e a  d i d  n o t  v a r y  s i g n i f i c a n t l y  w i t h  p a r t i c l e  s i z e .  
O b v i o u s l y ,  t h e  g r a n u l e s  w e r e  p o r o u s  a n d  s u b d i v i s i o n  o f  t h e  
l a r g e r  p a r t i c l e s  d i d  n o t  g e n e r a t e  a p p r e c i a b l e  new s u r f a c e .
C u m u l a t i v e  m i c r o p o r e  v o lu m e  d i s t r i b u t i o n s  c a l c u l a t e d  
a c c o r d i n g  t o  t h e  m e t h o d  o f  C r a n s t o n  a n d  I n k l e y ^ ^  a r e  shown 
i n  F i g u r e  6 f o r  tw o  p a r t i c l e - s i z e  f r a c t i o n s .  I t  i s  s e e n  
t h a t  t h e  p o r o s i t i e s  a s s o c i a t e d  w i t h  m i c r o p o r e s  a r e  r e l a ­
t i v e l y  l o w .  F u r t h e r m o r e ,  t h e  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  
d a t a  on tw o  p a r t i c l e - s i z e  f r a c t i o n s  o f  B a t c h  A i n d i c a t e  
t h a t  t h e r e  i s  v i r t u a l l y  no  d i f f e r e n c e  i n  t h e  m i c r o p o r e  
c h a r a c t e r i s t i c s  b e t w e e n  t h e  tw o  p a r t i c l e  s i z e s .  The  m i ­
c r o p o r e  p o r o s i t y  o f  B a t c h  B i s ,  h o w e v e r ,  s i g n i f i c a n t l y  
l e s s  t h a n  t h a t  o f  B a t c h  A; l i k e w i s e  t h e  B. e . T .  s u r f a c e  
a r e a  ( T a b l e  1 )  o f  B a t c h  A i s  so m ew h a t  g r e a t e r .
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t a b l e  1
SYNTHETIC PYROLUSITE 
GRANULES USED IN REDUCTION EXPERIMENTS
B a t c h I d e n t i f i c a t i o n P a r t i c l e  S i z e  
(mm. )
S u r f a c e  A rea  
( m . 2/ g . )
A1 0 . 1 5  - 0 . 2 1 0 . 4 0
A2 0 . 1 1  - 0 . 1 5 —
A A3 0 . 1 0  - 0 . 1 1 —
A4 0 . 0 7  - 0 . 1 0 0 . 5 2
A5 < 0 .07 0 . 4 8
B1 0 . 2 1  - 0 . 4 2 1
B2 0 . 1 5  - 0 . 2 1 0 . 2 6
B B3 0 . 1 2  - 0 . 1 5 -
B4 0 . 1 0  - 0 . 1 2 —
1 B5 0 . 0 8 8 - 0 . 1 0 —
B6 < 0 .0 8 8 -





























ME A SU RE ME N T S  PERFORMED BY 
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N o m in a l  1 . 5 - g r a m  p e l l e t s  w e r e  p r e p a r e d  f r o m  a  m i n u s -  
2 0 0 - m e s h  f r a c t i o n  o f  h a t c h  A a n d  a  m i n u s - 1 7 0 - m e s h  f r a c t i o n  
o f  h a t c h  h .  The  p e l l e t s  w e r e  d i s k - s h a p e d  w i t h  d i a m e t e r s  
o f  13mm. a n d  t h i c k n e s s e s  o f  a p p r o x i m a t e l y  3 mm. I t  was 
p o s s i b l e  t o  o b t a i n  p e l l e t s  w i t h  s u f f i c i e n t  m e c h a n i c a l  
s t r e n g t h  f o r  h a n d l i n g  p u r p o s e s  by  c o m p r e s s i n g  t h e  f i n e  
p o w d e r  i n  a  s t a i n l e s s  s t e e l  d i e  a t  9000  p s i .  A s i n g l e  
d r o p  o f  d i s t i l l e d  w a t e r  was  a d d e d  t o  t h e  c h a r g e d  po w d er  i n  
t h e  d i e  a s  a  l u b r i c a n t ;  a f t e r  c o m p r e s s i o n  t h e  p e l l e t s  w e r e  
t h o r o u g h l y  d r i e d  a t  a  c o n t r o l l e d  t e m p e r a t u r e  o f  2 0 0 ° C .  
P e l l e t s  f o r m e d  f r o m  B a t c h  A a n d  B a t c h  B w e r e  f o u n d  t o  h a v e  
B. E. T .  s u r f a c e  a r e a s  o f  1 . 4  a n d  1 . 3  m . ^ / g . ,  r e s p e c t i v e l y .  
The m i c r o p o r e  v o lu m e  d i s t r i b u t i o n s  o f  b o t h  p e l l e t s  w e r e ,  
l i k e w i s e ,  v i r t u a l l y  i d e n t i c a l ,  a s  c a n  b e  s e e n  f ro m  F i g u r e  
6 .  The t o t a l  p o r o s i t y  o f  t h e  p e l l e t s  w as  d e t e r m i n e d  t o  b e  
a p p r o x i m a t e l y  2 2 % ,  T h i s  f i g u r e  i s  b a s e d  on a  t o t a l  p o r e  
v o lu m e  e s t i m a t e d  by b o i l i n g  a  w e i g h e d  p e l l e t  i n  w a t e r  t o  
e x p e l  g a s e s ,  s u p e r f i c i a l l y  d r y i n g  a n d  w e i g h i n g  t h e  p e l l e t ,  
a n d  d i v i d i n g  t h e  w e i g h t  i n c r e a s e  by  t h e  d e n s i t y  o f  w a t e r .
R e d u c t i o n  e x p e r i m e n t s  w e r e  a l s o  c o n d u c t e d  on s p e c i m e n s  
o f  a  n a t u r a l l y  o c c u r r i n g  m a n g a n e s e  d i o x i d e  o r e .  The s a m p l e  
was  o b t a i n e d  f r o m  t h e  U n i o n  C a r b i d e  C o r p o r a t i o n  ( M e t a l s  
D i v i s i o n )  a n d  was i d e n t i f i e d  a s  a  h i g h - g r a d e  B e l g i a n  Congo 
p y r o l u s i t e .  Lumps o f  t h e  o r e  w e r e  c r u s h e d  and  s c r e e n e d .
A s i z e  f r a c t i o n  o f  0 . 0 9  t o  0 . 2 1  mm. was h e a t e d  i n  a i r  a t
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a  c o n t r o l l e d  t e m p e r a t u r e  o f  1 5 0 °C  f o r  18 h o u r s .  The a v a i l ­
a b l e  o x y g e n  a n a l y z e d  a t  15 .5% — 0 .1 %  by  r e a c t i o n  w i t h  e x ­
c e s s  s o d iu m  o x a l a t e  a n d  t i t r a t i o n  o f  t h e  e x c e s s  w i t h  p o t a s ­
s i u m  p e r m a n g a n a t e ;  h o w e v e r ,  1 6 .1 %  a v a i l a b l e  o x y g e n  was 
f o u n d  by r e d u c t i o n  w i t h  h y d r o g e n  a t  a p p r o x i m a t e l y  440°C .
On t h e  b a s i s  o f  t h e  f o r m e r  a n a l y s i s ,  t h e  o r e  s a m p l e  was 
a p p r o x i m a t e l y  84% MnC^.
A l l  g a s e s  w e r e  p u r c h a s e d  f r o m  The M a t h e s o n  Company.
The  p r e p u r i f i e d  g r a d e  o f  h y d r o g e n  was u s e d ,  a n d  a r g o n  was 
e m p l o y e d  a s  t h e  p u r g e  g a s .  M i x t u r e s  o f  h y d r o g e n  and  
h e l i u m  w ere  p u r c h a s e d  f o r  t h e  e x p e r i m e n t s  i n  w h i c h  t h e  
e f f e c t  o f  h y d r o g e n  p a r t i a l  p r e s s u r e  was i n v e s t i g a t e d .
X - r a y  A n a l y s e s
X - r a y  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  u s i n g  a 
P h i l i p s  1 1 4 . 6 - m m . - d i a m e t e r  p o w d e r  c a m e r a  on a  s t a n d a r d  
P h i l i p s  N o r e l c o  X - r a y  u n i t .  F i l t e r e d  i r o n  r a d i a t i o n  was 
u s e d ,  a n d  t h e  X - r a y  t u b e  was o p e r a t e d  a t  40 k v .  w i t h  a 
f i l a m e n t  c u r r e n t  o f  10 m i l l i a m p e r e s . U n d e r  t h e s e  c o n d i ­
t i o n s  s i x - h o u r  e x p o s u r e s  p r o d u c e d  a c c e p t a b l e  p a t t e r n s .
Ex p e r i m e n t a l  P r o c e d u r e
The p r o c e d u r e  f o r  t h e  v e r t i c a l - t u b e - f u r n a c e  r u n s  w i l l  
b e  d i s c u s s e d  f i r s t .  P r i o r  t o  e a c h  r u n  t h e  a p p a r a t u s  was 
p u r g e d  w i t h  a s l o w  s t r e a m  o f  h y d r o g e n  t o  d e c r e a s e  t r a c e s  
o f  w a t e r  t o  a  n e g l i g i b l e  l e v e l .  S h o r t l y  b e f o r e  s t a r t i n g
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a r u n  t h e  a b s o r p t i o n  t u b e s  w e r e  f l u s h e d  w i t h  t h e  r e d u c i n g  
g a s  t o  be u s e d  ( e i t h e r  p u r e  h y d r o g e n ,  o r  h y d r o g e n - h e l i u m  
m i x t u r e ) ;  a f t e r  t h i s ,  t h e  U - t u b e s  w e r e  d i s e n g a g e d  f r o m  t h e  
a p p a r a t u s  a n d  w e r e  t a r e d .
A s m a l l  q u a n t i t y  o f  t h e  o x i d e  s p e c i m e n  ( g r a n u l e s  o r  a 
p e l l e t )  was c a r e f u l l y  w e ig h e d  i n t o  t h e  n i c k e l  b a s k e t ,  and 
t h e  l a t t e r  was a t t a c h e d  t o  t h e  n i c k e l  c h a i n  and  c y l i n d e r .
The a p p a r a t u s  was f l u s h e d  w i t h  a r g o n  ( b y - p a s s i n g  t h e  U- 
t u b e s ) ,  and  a f t e r  a p p r o x i m a t e l y  10 m i n u t e s  ( a r g o n  f l o w  
c o n t i n u i n g )  t h e  P y r e x  c a p  m o u n te d  t o  t h e  t o p  of  t h e  r e a c t i o n  
t u b e  was open ed  a n d  t h e  c h a i n ,  b a s k e t  a n d  c y l i n d e r  a s s e m b l y  
was p a r t i a l l y  l o w e r e d  i n t o  t h e  t u b e .  The e x t e r n a l  m ag n e t  
d e v i i .  was t h e n  p o s i t i o n e d  t o  s u p p o r t  t h e  a s s e m b l y ,  and  
t h e  P y r e x  c a p  was r e p l a c e d .  P u r g i n g  w i t h  a r g o n  was c o n ­
t i n u e d  f o r  a b o u t  15 m i n u t e s ;  d u r i n g  t h i s  i n t e r v a l  t h e  
s a m p l e  was g e n t l y  l o w e r e d  w i t h i n  a p p r o x i m a t e l y  1 / 4  i n c h  of  
t h e  t h e r m o c o u p l e  p r o b e  a n d  f u r n a c e  t e m p e r a t u r e  was 
s t a b i l i z e d  a t  t h e  c o n t r o l  p o i n t .
At z e r o  t i m e  t h e  a r g o n  f e e d  v a l v e  was c l o s e d ,  h y d r o g e n  
f l o w  was s t a r t e d ,  a n d  t h e  g a s e s  l e a v i n g  t h e  r e a c t o r  w ere  
d i r e c t e d  t h r o u g h  one  o f  t h e  p a i r s  o f  U - t u b e s .  A f t e r  
s e v e r a l  m i n u t e s ,  h y d r o g e n  f l o w  r a t e  an d  r e a c t o r  p r e s s u r e  
w e r e  a d j u s t e d  t o  t h e  d e s i r e d  l e v e l s .  P r e s s u r e  was m a i n ­
t a i n e d  c o n s t a n t  w i t h i n  a t o l e r a n c e  c f  a p p r o x i m a t e l y  i  2 o r  
3 mm. Hg; f l o w  r a t e  was c o n s t a n t  w i t h i n  ± 5 % .
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The g a s  s t r e a m  l e a v i n g  t h e  r e a c t o r  was r o u t e d  t o  a 
d i f f e r e n t  p a i r  o f  U - t u b e s  a t  i n t e r v a l s  o f  s e v e r a l  m i n u t e s  
t o  tw o h o u r s .  D u r i n g  o f f - s t r e a m  p e r i o d s  t h e  U - t u b e s  w e r e  
w e i g h e d ,  t h e  w e i g h t  g a i n  c o r r e s p o n d i n g  t o  t h e  r e d u c t i o n  
e x p e r i e n c e d  d u r i n g  t h e  s p e c i f i c  i n t e r v a l .  E x t e r n a l  s u r f a c e s  
o f  t h e  t u b e s  w e r e  a l w a y s  w a s h e d  w i t h  a c e t o n e  a n d  w ip e d  d r y  
b e f o r e  w e i g h i n g .  T h a t  t h e  e f f i c i e n c y  o f  t h e  w a t e r  r e c o v e r y  
t u b e s  was e x c e l l e n t  i s  b o r n e  o u t  b y  t h e  f a c t  t h a t  t h e  s e c o n d  
t u b e  o f  e a c h  p a i r  n e v e r  g a i n e d  m o r e  t h a n  o n e  o r  two  mg. 
w e i g h t  i n  a l l  e x p e r i m e n t s .
R a te  d a t a  c o u l d  n o t  be  b a s e d  o n  w a t e r  r e c o v e r y  i n  t h e  
m o i s t  h y d r o g e n  r u n s  b e c a u s e  t h e  w a t e r  p r o d u c t  was  s m a l l  com­
p a r e d  t o  t h e  w a t e r  a d d e d  t o  t h e  h y d r o g e n  i n  t h e  s a t u r a t o r ;  
c o n s e q u e n t l y ,  t h e  c o n v e r s i o n  was  d e t e r m i n e d  b y  o x i d e  w e i g h t  
l o s s .  I t  was f i r s t  n e c e s s a r y  t o  e s t a b l i s h  w h e t h e r  t h e  s o l i d  
r e d u c t i o n  p r o d u c t  was s t a b l e  u p o n  e x p o s u r e  t o  a i r ;  a t  h i g h e r  
t e m p e r a t u r e s  i t  was n e c e s s a r y  t o  c o o l  t h e  r e d u c t i o n  p r o d u c t  
t o  room t e m p e r a t u r e  i n  a r g o n  t o  a v o i d  a p p r e c i a b l e  o x i d a t i o n .
The h i g h e r  t e m p e r a t u r e  ( a b o v e  4 2 5 ° C )  r u n s  w e r e  c o n ­
d u c t e d  u s i n g  t h e  h o r i z o n t a l - t u b e  f u r n a c e .  The  p r o c e d u r e  
was s i m i l a r  t o  t h a t  d e s c r i b e d  f o r  t h e  v e r t i c a l - t u b e  f u r n a c e  
w i t h  t h e  e x c e p t i o n  t h a t  t h e  A lu n d u m  b o a t  c o n t a i n i n g  t h e  
s a m p l e  was m a n u a l l y  moved i n t o  t h e  h o t  z o n e  ( u s i n g  a 
s t a i n l e s s  s t e e l  r o d  a n d  c h a i n  d e v i c e )  a t  t h e  t i m e  t h e  
r e a c t i o n  t u b e  was c h a r g e d .




P r e l i m i n a r y  D a t a
The g r e a t  m a j o r i t y  o f  r u n s  w e r e  c o n d u c t e d  i n  t h e  
v e r t i c a l - t u b e  a p p a r a t u s  u s i n g  s a m p l e s  o f  s y n t h e t i c  p y r o l u ­
s i t e .  S e v e r a l  e x p l o r a t o r y  e x p e r i m e n t s ,  i n  w h i c h  s i n g l e  
1 . 5 - g r a m  c o m p r e s s e d  p e l l e t s  w e r e  r e d u c e d  i n  p u r e  h y d r o g e n ,  
w e r e  c a r r i e d  o u t  b e f o r e  t h e  f u r n a c e  t e m p e r a t u r e  c o n t r o l l e r  
was a v a i l a b l e .  T h e s e  d a t a  i n d i c a t e d  t h a t  w h i l e  t h e  r e d u c ­
t i o n  p r o c e e d e d  t o  2 0 %  c o m p l e t i o n  ( b a s e d  on MnO a s  t h e  f i n a l  
p r o d u c t )  i n  a p p r o x i m a t e l y  f i v e  h o u r s  a t  2 0 0 ° C ,  6 7 %  r e d u c ­
t i o n  was r e a l i z e d  i n  a p p r o x i m a t e l y  t h r e e  h o u r s  a t  2 5 0 °C .  
F u r t h e r m o r e ,  a t  3 5 0 ° C ,  t h e  e x o t h e r m i c  r e d u c t i o n  was f o u n d  
t o  p r o c e e d  s o  r a p i d l y  t h a t  i t  was  i m p o s s i b l e  t o  m a i n t a i n  
t h e  o x i d e  s p e c i m e n  a t  i s o t h e r m a l  c o n d i t i o n s ,  a n d  c o m p l e t e  
c o n v e r s i o n  t o  MnO was a c h i e v e d  i n  s e v e r a l  m i n u t e s .  T h e s e  
p r e l i m i n a r y  d a t a ,  a l t h o u g h  s o m e w h a t  c r u d e  c o m p a r e d  t o  t h e  
m o re  q u a n t i t a t i v e  d a t a  o f  l a t e r  e x p e r i m e n t s ,  s e r v e d  a s  
s t a r t i n g  p o i n t s  i n  s e l e c t i n g  e x p e r i m e n t a l  c o n d i t i o n s  f o r  
l a t e r  r u n s .
Lo w - T e m p e r a t u r e  Regime
F o l l o w i n g  t h e  i n s t a l l a t i o n  o f  t h e  f u r n a c e  t e m p e r a t u r e  
c o n t r o l l e r ,  a  s e r i e s  o f  r u n s  was c a r r i e d  o u t  i n  p u r e  
h y d r o g e n  (800  mm. Hg p r e s s u r e )  a t  2 5 0 ° C ,  u s i n g  a  num ber  
o f  s i z e  f r a c t i o n s  o f  Mn0£ g r a n u l e s ,  v a r i o u s  h y d r o g e n  f l o w
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r a t e s , a n d  s e v e r a l  s a m p l e  s i z e s .  T h e s e  e x p e r i m e n t a l  
p a r a m e t e r s  w e re  v a r i e d  i n  o r d e r  t o  d e t e r m i n e  t h e  s i g n i f ­
i c a n c e  o f  b o u n d a r y - l a y e r  t r a n s p o r t  a n d  p o r e - d i f f u s i o n  
r e s i s t a n c e s ,  a n d  t h e  e x t e n t  o f  r e t a r d a t i o n  d u e  t o  h y d r o g e n  
d e p l e t i o n  o r  w a t e r  v a p o r  a c c u m u l a t i o n  i n  t h e  r e a c t i o n  
z o n e .  S a m p l e s  o f  s y n t h e t i c  p y r o l u s i t e  f r o m  B a t c h e s  A a n d  
B w e r e  u s e d  i n  t h i s  s e r i e s  o f  r u n s .  The  c o n v e r s i o n - t i m e  
c u r v e s  f o r  t h e s e  r u n s  a r e  shown i n  F i g u r e  7 .
R e s u l t s  f o r  t h e  tw o  d u p l i c a t e  r u n s  i n d i c a t e  t h a t  t h e  
c o n v e r s i o n  a t  a  g i v e n  t i m e  i s  r e p r o d u c i b l e  w i t h i n  a p p r o x i ­
m a t e l y  2 % .  I n  t e r m s  o f  t h e  r e d u c t i o n  r a t e s  ( o b t a i n e d  by 
g r a p h i c a l l y  d i f f e r e n t i a t i n g  t h e  c o n v e r s i o n - t i m e  c u r v e s )  
t h e  r e p r o d u c i b i l i t y  i s  a p p r o x i m a t e l y  8 % ,  T h i s  v a r i a t i o n  
i s  a p p a r e n t l y  c a u s e d  by  s m a l l  t e m p e r a t u r e  a n d  s a m p l e -  
p o s i t i o n i n g  d i f f e r e n c e s  a n d  by a c c u m u l a t e d  U - t u b e  w e i g h ­
i n g  e r r o r s .  ( S m a l l  t e m p e r a t u r e  f l u c t u a t i o n  i s  p r o b a b l y  
t h e  m o s t  i n f l u e n c i a l  f a c t o r ;  a n  a n a l y s i s  o f  l a t e r  d a t a  
o b t a i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s  i n d i c a t e s  t h a t  a  1°C 
r i s e  i n  t e m p e r a t u r e  a t  250°C  w ou ld  r a i s e  t h e  o b s e r v e d  r a t e  
a b o u t  5/6. )
The  i n i t i a l  r a t e  d a t a  ( b e l o w  a p p r o x i m a t e l y  10# r e d u c ­
t i o n )  a r e  som ewhat  l e s s  r e l i a b l e  t h a n  t h e  d a t a  a t  h i g h e r  
c o n v e r s i o n s .  A l t h o u g h  r e a c t i o n  t i m e  w as  m e a s u r e d  f r o m  
t h e  i n s t a n t  a r g o n  f l o w  was t e r m i n a t e d  a n d  h y d r o g e n  f l o w  
was s t a r t e d ,  t h e  o x i d e  s p e c i m e n  was n o t  e x p o s e d  t o  p u r e

















T E M P E R A T U R E  =  2 5 0  °C
HYDROGEN P R E S S U R E  =  8 0 0  m m  Hg
9©
RUN PARTICLE FLOW s a m p l e INITIAL
NO SIZE RATE SIZE SURFACE AREA
(mm) ( f t 3/ h r ) (g) ( m 2/ g )
•  1 5 . 0 7  -  . 1 0 3 . 0 1 .4 0 . 5 2
A 1 6 . 0 7  -  . 10 5 . 0 1 .4 0 . 5 2
■  1 9 . 0 7  -  .1 0 3 . 0 3 . 0 0 . 5 2
e 2  3 . 1 0 -  .1 1 3 . 0 1 .0 -
B  2 9 .11 -  .1 5 3 . 0 1 .6 —
0  2  5 * . 1 5  -  .21 3 . 0 1 .5 0 . 4 0
A  2  6 * . 1 5 -  .21 3 . 0 1 . 5 0 . 4 0
□  3 0 . 1 5  -  . 21 3 . 0 1 . 5 0 . 2 6
9 8 6 .15  -  . 21 13 .0 1. 5 0 . 2 6
*  DUPL ICA TE  RUNS
NOTE:
CU R V E S  A R E  DRAWN THROUGH DATA 
P O I N T S  O F  D U P L I C A T E  R U N S.
8 10 12 
TIME ( S E C O N D S  X I 0 3 )
1 4 I 6 18 20 oo
FIG. 7  REDUCTION OF PARTICLES AT 2 5 0 °C
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h y d r o g e n  u n t i l  a l l  o f  t h e  a r g o n  h a d  b e e n  p u r g e d  f r o m  t h e  
p u r i f i c a t i o n  a n d  d r y i n g  t u b e s  a n d  f r o m  t h e  r e a c t i o n  z o n e .  
T h i s  was e s t i m a t e d  t o  t a k e  a p p r o x i m a t e l y  tw o  t o  t h r e e  m i n ­
u t e s ;  h o w e v e r ,  some v a r i a b i l i t y  f r o m  r u n  t o  r u n  was e n c o u n ­
t e r e d .  L i k e w i s e ,  some t e m p e r a t u r e  f l u c t u a t i o n  u s u a l l y  
o c c u r r e d  d u r i n g  t h e  f i r s t  f e w  m i n u t e s ,  a n d  t h i s  a l s o  was 
n o t  g e n e r a l l y  r e p r o d u c i b l e  f r o m  r u n  t o  r u n .  T h e r e f o r e ,  
i n  c o m p a r i n g  v a r i o u s  r e d u c t i o n  c u r v e s  i n  F i g u r e  7 ,  t h e  
a n a l y s i s  s h o u l d  b e  r e s t r i c t e d  t o  c o n v e r s i o n s  ( a b o v e  a b o u t  
1 0 #  r e d u c t i o n )  w h i c h  a r e  f r e e  o f  t h e s e  s t a r t - u p  v a r i a t i o n s .
A c a r e f u l  r e v i e w  o f  t h e  r e d u c t i o n  d a t a  p l o t t e d  i n  
F i g u r e  7 l e a d s  t o  t h e  f o l l o w i n g  c o n c l u s i o n s :
( 1 ) .  The o b s e r v e d  r a t e  a t  250°C  i n c r e a s e s  s l i g h t l y
a s  t h e  s a m p l e  s i z e  i s  r e d u c e d  f r o m  3 t o  1 . 5  g r a m s ;  h o w e v e r ,  
no  f u r t h e r  i n c r e a s e  i s  o b s e r v e d  a s  t h e  s a m p l e  w e i g h t  i s  
r e d u c e d  f r o m  1 . 5  t o  1 . 0  g r a m .  T h i s  i n d i c a t e s  t h a t  a  1 . 5 -  
g r a m  bed  o f  o x i d e  p l a c e d  i n  t h e  s u p p o r t i n g  b a s k e t  i s  s u f ­
f i c i e n t l y  s h a l l o w  t o  p r e v e n t  a p p r e c i a b l e  h y d r o g e n  d e p l e ­
t i o n  a n d  p r o d u c t  w a t e r  v a p o r  a c c u m u l a t i o n ,  w h i c h  w o u ld  
r e t a r d  t h e  o b s e r v e d  r a t e .  As t h e  s a m p l e  s i z e  i s  i n c r e a s e d  
t o  3 . 0  g ra m s  some r e t a r d a t i o n  i s  o b s e r v e d .  S a m p le  s i z e  a t  
25 0 °C  s h o u l d  t h e r e f o r e  n o t  e x c e e d  1 . 5  g r a m s .
( 2 ) .  B o u n d a r y - l a y e r  t r a n s p o r t  r e s i s t a n c e  a t  2 5 0 ° C  i s  
n e g l i g i b l e  f o r  f l o w  r a t e s  o f  3 . 0  s t a n d a r d  c u b i c  f e e t  p e r  
h o u r  o r  h i g h e r .  T h i s  i s  e v i d e n t  f ro m  t h e  f a c t  t h a t  a
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f o u r f o l d  i n c r e a s e  i n  f l o w  r a t e  d o e s  n o t  i n c r e a s e  t h e  
o b s e r v e d  r e d u c t i o n  r a t e .
( 3 ) .  P o r e - d i f f u s i o n  r e s i s t a n c e  a n d  p a r t i c l e  t e m p e r ­
a t u r e  g r a d i e n t s  a t  2 5 0 °  a r e  n e g l i g i b l e  f o r  g r a n u l e s  r a n g ­
i n g  f r o m  0 . 0 7  t o  0 . 2 1  mm. T h i s  i s  e v i d e n t  f r o m  t h e  f a c t  
t h a t  no  s i g n i f i c a n t  d i f f e r e n c e  i n  r a t e  i s  o b s e r v e d  f o r  
t h r e e  d i f f e r e n t  s i z e  f r a c t i o n s  o f  g r a n u l e s .
( 4 ) .  A l o w e r  i n i t i a l  s u r f a c e  a r e a  d e c r e a s e s  t h e  r a t e  
o n l y  d u r i n g  t h e  e a r l y  s t a g e  o f  t h e  r e d u c t i o n ,  a n d  t h e  
o b s e r v e d  d e c r e a s e  f o r  a 5 0 #  c h a n g e  i n  t h e  i n i t i a l  s u r f a c e  
a r e a  i s ,  a t  t h a t ,  v e r y  m i l d .
Once t h e  2 50°C  d a t a  r e p o r t e d  i n  F i g u r e  7 w e r e  a v a i l ­
a b l e ,  a p p r o p r i a t e  o p e r a t i n g  c o n d i t i o n s  ( f l o w  r a t e ,  s a m p l e  
s i z e ,  e t c . )  w e r e  s e l e c t e d  f o r  t e m p e r a t u r e s  b e l o w  250°C 
w h i c h  i n s u r e d  n e g l i g i b l e  b o u n d a r y - l a y e r  a n d  p o r e - d i f f u s i o n  
r e s i s t a n c e s ,  a n d  n e g l i g i b l e  r e t a r d a t i o n  d u e  t o  h y d r o g e n  
d e p l e t i o n  o r  w a t e r  v a p o r  a c c u m u l a t i o n .  D a t a  a t  2 0 0 ° ,  2 2 5 ° ,  
a n d  2 3 8 ° C  w e r e  o b t a i n e d ,  a n d  t h e  c o n v e r s i o n - t i m e  c u r v e s  
h a v e  b e e n  p l o t t e d  i n  F i g u r e  8 .  The  f i n a l  c o n v e r s i o n s ,  
b a s e d  on w a t e r  r e c o v e r y  a n d  o x i d e  w e i g h t  l o s s ,  g e n e r a l l y  
a g r e e d  w i t h i n  a b o u t  2 %  i n  t h i s  t e m p e r a t u r e  r a n g e .  The 
h i g h e r  t e m p e r a t u r e  d a t a  p l o t t e d  i n  F i g u r e  8 w i l l  be  
d i s c u s s e d  a t  a  l a t e r  p o i n t .
I n  o r d e r  t o  d e t e r m i n e  t h e  n a t u r e  o f  t h e  r e d u c t i o n  
p r o d u c t s ,  X - r a y  p o w d e r  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d









i- a :  
t r  a
0\
t -  o
onw 01 N on on aaa  iN 30d3d











































on a  n um ber  o f  p a r t i a l l y  r e d u c e d  s p e c i m e n s .  The  X - r a y  
d i a g r a m s  h a v e  b e e n  r e p r o d u c e d  i n  F i g u r e  9 a n d  a  su m m ary  
o f  t h e  p h a s e s  i d e n t i f i e d  i s  g i v e n  i n  T a b l e  2 .  I n  a l l  o f  
t h e  r u n s  c o n d u c t e d  a t  2 5 0 °  a n d  2 2 5 ° C ,  a n  o x y g e n  m a t e r i a l  
b a l a n c e  b e t w e e n  w a t e r  p r o d u c t  r e c o v e r e d  a n d  o x i d e  w e i g h t  
l o s s  a g r e e d  w i t h i n  2 o r  3/5, i n d i c a t i n g  t h a t  r e o x i d a t i o n  o f  
t h e  r e d u c t i o n  p r o d u c t s  u p o n  r e m o v a l  f r o m  t h e  f u r n a c e  was  
n e g l i g i b l e .
The Mn02 r e f e r e n c e  p a t t e r n  s h o w n  i n  F i g u r e  9 w a s  t h a t  
g i v e n  b y  t h e  s y n t h e t i c  p y r o l u s i t e ,  B a t c h  A .  The MnO r e f e r ­
e n c e  p a t t e r n  was t h a t  g i v e n  b y  a  s a m p l e  p r e p a r e d  f r o m  t h e  
Mn02 b y  r e d u c t i o n  w i t h  h y d r o g e n .  R e f e r e n c e  Mn2 0 3 a n d  
Mn^O^ s a m p l e s  w e re  p r e p a r e d  b y  d i s s o c i a t i n g  Mn02 i n  a i r  
a t  5 40°  a n d  940°C ,  r e s p e c t i v e l y .
The X - r a y  p a t t e r n  o f  t h e  p r o d u c t  o f  r u n  1 6 ,  w h i c h  was  
r e d u c e d  t o  6 6 %  c o m p l e t i o n  a t  2 5 0 ° C ,  showed  p r e d o m i n a n t l y  
t h e  p a t t e r n  o f  Mn3 0 4  ( h a u s m a n n i t e ) ( 1 6 )  ^ a l t h o u g h  t h e  s t r o n g ­
e s t  l i n e s  o f  t h e  Mn20 3 ( p a r t r i d g e i t e ) p a t t e r n ^ 3 2 ) w e r e  a l s o  
o b s e r v e d .  An a l m o s t  i d e n t i c a l  p a t t e r n  was o b t a i n e d  f o r  t h e  
p r o d u c t  o f  r u n  42 w h ic h  r e d u c e d  t o  68 %  c o m p l e t i o n  a t  2 2 5 ° C .  
The p r a c t i c a l l y  h o r i z o n t a l  p o r t i o n s  o f  t h e  r e d u c t i o n  c u r v e s  
( a t  and  b e l o w  2 5 0 ° C )  i n  F i g u r e  8 c o r r e s p o n d  t h e n  t o  p r o d ­
u c t s  w h ic h  a r e  p r e d o m i n a n t l y  I t  w i l l  be  o b s e r v e d
t h a t  t h e  l o w - t e m p e r a t u r e  c o n v e r s i o n  c u r v e s  a l l  t e n d  t o
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FIG. 9  X-RAY DIFFRACTION PATTERNS


















PHASES FORMED BY REDUCTION WITH HYDROGEN ACCORDING TO X-RAY INVESTIGATIONS
Run R e d u c t i o n  i % R e d u c - i I P h a s e s  O b s e r v e d
No. T e m p . , ° C t i o n  t o  
MnO
Comments Ma j  o r S e m i - m a j  o r M i n o r
39 250 11 R e d u c i n g  | 
a g e n t :  H2  | Mn02 Mn2 0 3 , Mn3 0 4
20 250 15 ti Mn02 Mn2 °3»  Mn3 ° 4
to to
1 i
250 32 u Mn02 Mn3° 4 Mn2 0 3
16 250 66 tt Mn3 0 4 Mn2 0 3
42 225 68 tt Mn3 0 4 Mn2 0 3* *





R e d u c i n g  a g e n t :  
2 4 .9 %  H2 , 
b a l a n c e  He
MnO 2
r—" i 
MnO , Mn2 0 3 , j
Mn3 ° 4  |
46
1I___
350 78 R e d u c i n g  a g e n t :  2 4 .9 %  H2 , 
b a l a n c e  He
MnO
|






T ' 1 ■■
R e d u c i n g  a g e n t :  
9 .73%  H2 , 
b a l a n c e  He
1
| MnO, Mn02 
1i------------------------
-------—. — --------
Mn2 0 3 , Mn3 0 4
■ft ,V e r y  weak  MnO l i n e s  B a r e l y  d e t e c t a b l e
Oi
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l e v e l  o u t  a t  c o n v e r s i o n s  i n  t h e  r a n g e  o f  65 t o  7 0 $ .  I f  t h e  
r e d u c t i o n  w e re  t o  p r o c e e d  s t o i c h i o m e t r i c a l l y  f r o m  Mn02 t o  
Mn-jO^, t h e  e x t e n t  o f  r e d u c t i o n  ( b a s e d  on c o m p l e t e  r e d u c t i o n  
t o  MnO) would  be  6 6 . 6 7 # .  B o th  t h e  X - r a y  a n d  t h e  k i n e t i c  
d a t a  a r e  t h e r e f o r e  c o n s i s t e n t  w i t h  t h e  c o n c l u s i o n  t h a t  t h e  
l o w - t e m p e r a t u r e  r e d u c t i o n  p r o d u c t  i s  c h i e f l y  M n ^ ^ .  T h i s  
s h o u l d  n o t  be i n t e r p r e t e d  t o  m ean  t h a t  a d d i t i o n a l  r e d u c t i o n  
t o  MnO w i l l  n o t  o c c u r ;  f u r t h e r  r e a c t i o n  p r o c e e d s  o n l y  a t  
a  r e l a t i v e l y  much s l o w e r  r a t e ,  h o w e v e r .
An a t t e m p t  was made t o  d e t e r m i n e  t h e  c o m p o s i t i o n  o f  a 
s p e c i m e n  r e d u c e d  t o  68# c o n v e r s i o n  a t  250°C ( r u n  8 6 ) .  I f  
i t  i s  a s su m e d  t h a t  t h e  m o n o x i d e  i s  n o t  p r e s e n t  ( i t  was n o t  
d e t e c t e d  i n  t h e  X - r a y  p a t t e r n ) ,  t h e  r e l a t i v e  a m o u n ts  o f  
Mn0 2 ,  Mn20 3 a n d  MnjO^ c a n  b e  d e t e r m i n e d  t h e r m o g r a v i m e t -  
r i c a l l y ^ ' * *  T h u s ,  i f  t h e  m i x t u r e  i s  h e a t e d  i n
a r g o n  a t  7 0 0 °C ,  t h e  q u a n t i t y  o f  o x y g e n  e v o l v e d  i s  p r o p o r ­
t i o n a l  t o  t h e  Mn02 p r e s e n t  ( t h e  Mn02 d i s s o c i a t e s  t o  Mn2 0 3 ) .  
I f  t h e  s a m p le  i s  t h e n  h e a t e d  i n  a i r  a t  7 0 0 ° C ,  t h e  oxygen  
c o n su m e d  i s  p r o p o r t i o n a l  t o  t h e  Mn3 0 4  c o n t e n t  (Mn3 0 4  i s  
o x i d i z e d  t o  Mn2 0 3 ) .  The a m o u n t  o f  Mn20 3 i s  o b t a i n e d  by 
c o m p a r i n g  t h e  a c t i v e  o x y g e n  o f  t h e  o r i g i n a l  m i x t u r e  and  
t h e  tw o  h e a t e d  p o r t i o n s .  I n  t h i s  m a n n e r  t h e  p r o d u c t  o f  
r u n  86 was f o u n d  t o  c o n t a i n  9 1 #  Mn-jO^, 7#  Mn02 , and 2# 
Mn2 0 3 . I n  t h i s  a n a l y s i s  t h e  Mn02 p e r c e n t a g e  (a n d  h e n c e  
t h e  Mn2 0 3 p e r c e n t a g e  w h i c h  i s  o b t a i n e d  by  d i f f e r e n c e )  i s
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s u b j e c t  t o  l a r g e  e r r o r  i n  t h a t  a  t r a c e  o f  w a t e r  i n  t h e  
o r i g i n a l  s a m p l e  w o u l d  h a v e  a  v e r y  l a r g e  e f f e c t  on t h e  
c a l c u l a t e d  Mn02 c o n t e n t .  W i t h  t h e  e x c e p t i o n  t h a t  MnOg was  
n o t  d e t e c t e d  i n  t h e  X - r a y  d i a g r a m  a t  t h i s  l e v e l  o f  r e d u c ­
t i o n ,  t h e  g r a v i m e t r i c  a n a l y s i s  i s  c o n s i s t e n t  w i t h  t h e  X - r a y  
a n d  k i n e t i c  d a t a .  C o n s e q u e n t l y ,  i t  i s  c o n c l u d e d  t h a t  t h e  
l o w - t e m p e r a t u r e  r e d u c t i o n  e x p e r i m e n t s  ( a t  t h e  65 t o  7 0#  
c o n v e r s i o n  l e v e l )  p r o d u c e d  Mn^O^ p r o d u c t s  o f  a p p r o x i m a t e l y  
9 0#  p u r i t y .
The X - r a y  p a t t e r n s  o b t a i n e d  on t h e  p r o d u c t s  o f  r u n s
3 9 ,  20  a n d  2 2 ,  a l l  r e d u c e d  t o  v a r i o u s  e x t e n t s  a t  2 5 0 ° C ,
show  t h a t  Mn-O, i s  f o r m e d  e a r l y  i n  t h e  r e d u c t i o n  a n d  t h a t  3 4
i t s  c o n c e n t r a t i o n  i n c r e a s e s  a s  t h e  r e d u c t i o n  p r o c e e d s .
I n  a l l  c a s e s ,  h o w e v e r ,  m i n o r  a m o u n t s  o f  * ^ £ 0 ^  w e r e  f o u n d .
A t  t h i s  p o i n t  a t t e n t i o n  was a l s o  d i r e c t e d  t o  t h e  
r e d u c t i o n  o f  g r a n u l e s  o f  p y r o l u s i t e  a t  so m ew h a t  h i g h e r  
t e m p e r a t u r e s .  I t  w i l l  b e  r e c a l l e d  t h a t  i n  a n  e a r l y  
e x p l o r a t o r y  r u n  a  s i n g l e  c o m p r e s s e d  p e l l e t  o f  MnC^ w h i c h  
was  i n i t i a l l y  a t  3 50°C  r e a c t e d  c o m p l e t e l y  t o  MnO i n  s e v e r a l  
m i n u t e s ,  w i t h  a  c o n s e q u e n t  l a r g e  e l e v a t i o n  i n  p e l l e t  t e m ­
p e r a t u r e .  I n  a  s i m i l a r  r u n  u s i n g  0 . 1 5  t o  0 . 2 1  mm. p a r t i ­
c l e s ,  t h e  i n d i c a t e d  t e m p e r a t u r e  i n c r e a s e d  f r o m  3 5 0 °  t o  
4 0 5 ° C ,  a n d  o n c e  a g a i n ,  c o m p l e t e  r e d u c t i o n  was a c h i e v e d  i n  
s e v e r a l  m i n u t e s .  On t h e  o t h e r  h a n d ,  t h e  a p p a r e n t  s a m p l e  
t e m p e r a t u r e  ( u s i n g  g r a n u l e s  o f  t h e  o x i d e )  c o u l d  b e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
c o n t r o l l e d  u p  t o  3 1 5 ° C .  D a t a  f o r  tw o  t y p i c a l  r u n s ,  2 7 5 °  
a n d  3 0 0 ° C ,  a r e  a l s o  p l o t t e d  i n  F i g u r e  8 .  I t  w i l l  be  
o b s e r v e d  t h a t  t h e  i n i t i a l  r a t e s  c o n t i n u e d  t o  i n c r e a s e  
w i t h  t e m p e r a t u r e ,  b u t  a t  h i g h e r  c o n v e r s i o n s  t h i s  was no 
l o n g e r  t r u e .  F o r  e x a m p l e ,  t h e  r e a c t i o n  r a t e  a t  4 0 %  r e d u c ­
t i o n  i s  l o w e r  a t  3 0 0 °C  t h a n  a t  2 7 5 °C  o r  e v e n  a t  2 5 0 °C .
The l o w - t e m p e r a t u r e  ( 2 0 0 °  t o  3 0 0 ° C )  c o n v e r s i o n  d a t a  
w e r e  g r a p h i c a l l y  d i f f e r e n t i a t e d  a t  c o n s t a n t  l e v e l s  o f  c o n ­
v e r s i o n  t o  o b t a i n  q u a n t i t a t i v e  r e d u c t i o n  r a t e s ,  a n d  a n  
A r r h e n i u s  p l o t ,  F i g u r e  1 0 ,  was p r e p a r e d .  T h a t  t h e  d a t a  
a t  250°C a n d  b e l o w  a r e  e s s e n t i a l l y  f r e e  o f  b o u n d a r y - l a y e r  
t r a n s p o r t  a n d  p o r e - d i f f u s i o n  r e s i s t a n c e s  h a s  a l r e a d y  b e e n  
d e m o n s t r a t e d .  I t  w i l l  b e  o b s e r v e d  t h a t  t h e  A r r h e n i u s  
p l o t  i s  l i n e a r  u p  t o  a p p r o x i m a t e l y  2 4 0 ° C .  F u r t h e r m o r e ,  
t h e  10 a n d  3 5 $  r e d u c t i o n  l i n e s  e x h i b i t  p r a c t i c a l l y  i d e n t i c a l  
s l o p e s  i n  t h i s  t e m p e r a t u r e  r a n g e .  T h i s  i n d i c a t e s  t h a t  d i f ­
f u s i o n  r e s i s t a n c e  t h r o u g h  a  p r o d u c t  l a y e r  i s  a l s o  n o t  s i g ­
n i f i c a n t  b e t w e e n  2 0 0 °  a n d  2 4 0 ° C .  E q u a t i n g  t h e  s l o p e  o f  
t h e  l i n e a r  p o r t i o n s  o f  t h e  c u r v e s  t o  - E a / 2 . 3 R ,  a n  a p p a r e n t  
a c t i v a t i o n  e n e r g y  o f  a p p r o x i m a t e l y  2 2 . 2  k c a l . / m o l e  i s  
o b t a i n e d .  A v a l u e  o f  t h i s  m a g n i t u d e  i s  c h a r a c t e r i s t i c  o f  
c h e m i c a l  r e a c t i o n  c o n t r o l .
The s h a r p  c u r v a t u r e  i n  t h e  A r r h e n i u s  p l o t  b e g i n n i n g  
a t  a b o u t  250°C  i s  i n d i c a t i v e  o f  a  d r a s t i c  c h an g e  i n  k i n e t i c s ;  
f u r t h e r  d i s c u s s i o n  o f  t h e  d a t a  i n  t h i s  r e g i o n  i s  p o s t p o n e d
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u n t i l  t h e  h i g h - t e m p e r a t u r e  d a t a  a r e  r e v i e w e d .
Numerous  l o w - t e m p e r a t u r e  r e d u c t i o n  r u n s  w e r e  a l s o  
c o n d u c t e d  u s i n g  n o m i n a l  1 . 5 - g r a m  p o r o u s  p e l l e t s  ( B a t c h  B) 
o f  s y n t h e t i c  p y r o l u s i t e .  S e v e r a l  e x p e r i m e n t s  w e r e  c a r r i e d  
o u t  i n  p u r e  h y d r o g e n  a t  2 26°C  t o  d e t e r m i n e  t h e  e x t e n t  o f  
b o u n d a r y - l a y e r  t r a n s p o r t  a n d  p o r e - d i f f u s i o n  r e s i s t a n c e s .  
T h e s e  r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  11  i n  t h e  f o r m  o f  
c o n v e r s i o n - t i m e  c u r v e s .  C o m p a r i s o n  o f  r u n s  44 a n d  5 1 ,  i n  
w h ic h  a  f o u r f o l d  d i f f e r e n c e  i n  f l o w  r a t e s  w as  u s e d ,  shows 
t h a t  b o u n d a r y - l a y e r  t r a n s p o r t  r e s i s t a n c e  i s  n e g l i g i b l e  a t  
t h i s  t e m p e r a t u r e .  I n  o r d e r  t o  e s t i m a t e  t h e  e x t e n t  o f  p o r e -  
d i f f u s i o n  r e s i s t a n c e ,  t h e  p e l l e t  r e d u c e d  i n  r u n  64 was 
s e c t i o n e d  i n t o  f o u r  more  o r  l e s s  e q u a l  p i e - s h a p e d  p i e c e s ,  
t h u s  s h a r p l y  r e d u c i n g  t h e  p e l l e t  d i m e n s i o n s .  C o m p a r i s o n  
w i t h  t h e  d a t a  o f  t h e  o t h e r  tw o  r u n s  i n d i c a t e s  t h a t ,  
e x c e p t  p o s s i b l y  i n i t i a l l y ,  no  s i g n i f i c a n t  d i f f e r e n c e  i n  
r a t e  o c c u r r e d .  I n  v i e w  o f  t h e  n o r m a l  v a r i a t i o n  o f  i n i t i a l  
r a t e  d a t a  a n d  t h e  a g r e e m e n t  o f  t h e  r a t e s  a t  h i g h e r  c o n v e r ­
s i o n s ,  i t  i s  c o n c l u d e d  t h a t  t h e  r e a c t i o n  e s s e n t i a l l y  p r o ­
c e e d s  u n i f o r m l y  on a l l  a v a i l a b l e  s u r f a c e  t h r o u g h o u t  t h e  
p e l l e t .  T h u s ,  t h e  r e d u c t i o n  o f  a  s i n g l e  p e l l e t  a t  226°C 
p r o c e e d s  w i t h o u t  a p p r e c i a b l e  g a s e o u s  d i f f u s i o n  e f f e c t s  i f  
a  h y d r o g e n  f l o w  r a t e  o f  3 . 0  s t a n d a r d  c u b i c  f e e t  p e r  h o u r  
o r  l a r g e r  i s  u s e d .
I t  i s  i n t e r e s t i n g  t o  c o m p a r e  t h e  r e d u c t i o n  o f  a  
s i n g l e  p o r o u s  p e l l e t  w i t h  t h a t  o f  a  b e d  o f  p o r o u s  g r a n u l e s
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o f  MnO^* S u ch  a  c o m p a r i s o n  i s  shown i n  F i g u r e  1 2 .  I n  
b o t h  c a s e s  t h e  r e d u c t i o n  r a t e  s u b s i d e s  s h a r p l y  a t  a p p r o x ­
i m a t e l y  65 $  c o n v e r s i o n .  H o w e v e r ,  t h e  e a r l y  r e d u c t i o n  r a t e s  
a r e  much g r e a t e r  f o r  t h e  p e l l e t  t h a n  f o r  t h e  b e d  o f  p a r t i ­
c l e s .  I n  a d d i t i o n ,  t h e  a u t o c a t a l y t i c  e f f e c t  i s  somewhat 
l e s s  p r o n o u n c e d  i n  t h e  c a s e  o f  t h e  p e l l e t ,  t h e  maximum r a t e  
o c c u r r i n g  a t  a  l o w e r  c o n v e r s i o n .  T h e s e  v a r i a t i o n s  a r e  
p r o b a b l y  c a u s e d  by  s t r u c t u r a l  d i f f e r e n c e s  i n  t h e  tw o  o x i d e  
s p e c i m e n s .  A p e l l e t  s i m i l a r  t o  t h e  one  u s e d  i n  r u n  44 h a d  
a n  i n i t i a l  s u r f a c e  a r e a  ( p e r  g r a m )  a p p r o x i m a t e l y  f i v e  t i m e s  
t h a t  o f  t h e  p a r t i c l e s  u s e d  i n  r u n  4 2 .  The p o r e  vo lum e 
d i s t r i b u t i o n  d a t a  i n  F i g u r e  6 ( B a t c h  B was u s e d  i n  r u n s  42 
a n d  4 4 )  i n d i c a t e d  t h a t  t h e  m i c r o p o r e  v o lu m e  o f  a  p e l l e t  
was  a l s o  much g r e a t e r  t h a n  f o r  t h e  p a r t i c l e s .  T h e s e  d a t a  
s u g g e s t  t h e  e x i s t e n c e  o f  some s e a l e d - o f f  p o r e s  i n  t h e  
g r a n u l e s .  A c c o r d i n g  t o  t h i s  v i e w p o i n t ,  t h e  r e d u c t i o n  r a t e  
m u s t  i n c r e a s e  d u r i n g  t h e  i n i t i a l  s t a g e s  a s  m o re  and  m ore  
o f  t h e  o r i g i n a l l y  s e a l e d - o f f  p o r e s  become e x p o s e d  t o  
h y d r o g e n  by v i r t u e  o f  t h e  f o r m a t i o n  o f  t h e  m o r e  p o r o u s  
l o w e r  o x i d e s .  E v e n t u a l l y  a l l  p o r e  v o lu m e  b e c o m e s  e x p o s e d  
a n d  t h e  s u r f a c e  a r e a ,  a n d  h e n c e  t h e  r e d u c t i o n  r a t e ,  r e a c h e s  
a  maximum. F u r t h e r  r e d u c t i o n  c a n  t h e n  o n l y  d e c r e a s e  t h e  
a m o u n t  o f  s u r f a c e  a v a i l a b l e  f o r  r e a c t i o n ,  a n d  t h e r e f o r e ,  
f r o m  t h i s  p o i n t  o n ,  t h e  r a t e  s u b s i d e s .  I t  was  o b s e r v e d  
t h a t  t h e  maximum r a t e  o f  r e d u c t i o n  f o r  t h e  p a r t i c l e s  
a l w a y s  o c c u r r e d  a t  t h e  same l e v e l  o f  c o n v e r s i o n ,  r e g a r d l e s s
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o f  t h e  t e m p e r a t u r e .  T h i s  a l s o  s u g g e s t s  t h a t  t h e  a u t o -  
c a t a l y t i c  b e h a v i o r  r e s u l t e d  f r o m  t h e  e x i s t e n c e  o f  o r i g ­
i n a l l y  s e a l e d - o f f  p o r e s .  T h i s  a r g u m e n t  d o e s  n o t  p r e c l u d e  
t h e  e x i s t e n c e  o f  some d e g r e e  o f  i n t r i n s i c  a u t o c a t a l y t i c  
b e h a v i o r .  I n d e e d ,  a s  m e n t i o n e d  e a r l i e r ,  when one  s o l i d  
r e a c t s  i n  a  g a s - s o l i d  r e a c t i o n  t o  f o r m  a s e c o n d  s o l i d ,  
t h e  r e a c t i o n  c a n  o c c u r  o n l y  a t  t h e  b o u n d a r y  b e t w e e n  t h e  
two s o l i d  p h a s e s .  F u r t h e r m o r e ,  i f  t h e  g r o w t h  o f  t h e  i n t e r ­
f a c e  b e g i n s  a t  r e l a t i v e l y  f e w  p o i n t s  on t h e  s u r f a c e ,  t h e  
r e d u c t i o n  r a t e  w i l l  i n c r e a s e  u n t i l  t h e  i n t e r f a c e  c o v e r s  
t h e  e n t i r e  s u r f a c e .  N e v e r t h e l e s s ,  i t  a p p e a r s  t h a t  t h e  
p r i m a r y  c a u s e  f o r  t h e  a u t o c a t a l y s i s  o b s e r v e d  h e r e  l i e s  i n  
t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  t h e  o x i d e  a n d  n o t  i n  
t h e  i n t r i n s i c  k i n e t i c  b e h a v i o r .
I t  was p o s s i b l e  t o  c o r r e l a t e  t h e  r e d u c t i o n  d a t a  f o r  
t h e  p o r o u s  p e l l e t s  i n  t e r m s  o f  t h e  r a t e  m o d e l  d e p i c t e d  i n  
F i g u r e  1 3 .  A p o r o u s  p e l l e t  o f  MnC^ maT p i c t u r e d  a s  a n  
a g g l o m e r a t i o n  ( F i g u r e  1 3 a )  o f  n u m e ro u s  d e n s e  c u b e s ,  e a c h  
o f  i d e n t i c a l  e d g e  x Q. U n d e r  c o n d i t i o n s  w h e r e  b o t h  b o u n d a r y -  
l a y e r  t r a n s p o r t  a n d  p o r e - d i f f u s i o n  r e s i s t a n c e s  a r e  n e g l i ­
g i b l e ,  i t  s u f f i c e s  t o  c o n s i d e r  t h e  r e d u c t i o n  o f  a s i n g l e  
( h y p o t h e t i c a l )  d e n s e  c u b e  ( F i g u r e  1 3 b )  e x p o s e d  t o  t h e  
known b u l k  g a s  p h a s e  h y d r o g e n  c o n c e n t r a t i o n .
At t e m p e r a t u r e s  o f  2 5 0 ° C  a n d  l o w e r ,  t h e  X - r a y  d a t a  
h a v e  shown t h a t  t h e  r e a c t i o n  s u b s i d e s  w i t h  t h e  f o r m a t i o n
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o f  Mn-jO^. M o r e o v e r ,  b e c a u s e  d i s t i n c t  l o w e r  o x i d e  p h a s e s  
a p p e a r ,  t h e  r e a c t i o n  w o u ld  be  e x p e c t e d  t o  p r o c e e d  i n  a  
t o p o c h e m i c a l  f a s h i o n .  S i n c e  t h e  v o lu m e s  o f  o x i d e  a s s o c i a t e d
3
w i t h  a  g ram  o f  m a n g a n e s e  a r e  0 . 3 1 5 ,  0 . 3 1 9 ,  a n d  0 . 2 8 7  cm. 
f o r  MnOg, **n 2 ° 3  an<* **n 3 ° 4 > r e s p e c t i v e l y ,  one  m i g h t  e x p e c t  
Mn2 0 3  t o  fo rm  a  d e n s e  r e d u c t i o n - p r o d u c t  l a y e r  on Mn0 2  
( a l t h o u g h  t h e  s p e c i f i c  v o lu m e s  a r e  a d m i t e d l y  v e r y  c l o s e ) ,  
w h i l e  a  p o r o u s  l a y e r  o f  Hn^O^ w o u l d ,  i n  t u r n ,  b e  e x p e c t e d  
t o  f o r m  a s  t h e  r e d u c t i o n  p r o d u c t  o f  Mn20 3 . I n  v i e w  o f  t h e  
X - r a y  r e s u l t s ,  i t  i s  r e a s o n a b l e  t o  c o n s i d e r  t h e  r e d u c t i o n  
p r o c e s s  a s  o c c u r r i n g  t o p o c h e m i c a l l y , w i t h  Mn02 i n  t h e  c o r e ,  
f o l l o w e d  by a  d e n s e  l a y e r  o f  Mn2 0 3 , a n d  f i n a l l y  a  p o r o u s  
l a y e r  o f  Mn-jO^. A c c o r d i n g  t o  t h i s  h y p o t h e s i s  t h e  g a s -  
s o l i d  r e d u c t i o n  o c c u r s  o n l y  a t  t h e  M^O^/Mn^O^ b o u n d a r y ,  
w h i l e  t h e  r e d u c t i o n  o f  Mn0 2  t o  Mn2 0 j  w ou ld  p r e s u m a b l y  
p r o c e e d  by  a  s o l i d - s t a t e  p r o c e s s .  F u r t h e r m o r e ,  s i n c e  Mn2 0 3 
i s  p r e s e n t  i n  r e l a t i v e l y  s m a l l  a m o u n t s ,  t h e  t h i c k n e s s  o f  
t h i s  l a y e r  may b e  n e g l e c t e d .  H e n c e ,  t h e  m o d e l  d e p i c t e d  i n  
F i g u r e  13b i s  o b t a i n e d .  The o r i g i n a l  d e n s e  c u b e  e d g e  i s  
d e s i g n a t e d  x Q, a n d  t h e  c u b e  e d g e  o f  t h e  u n r e a c t e d  c o r e  o f  
Mn02 i s  t a k e n  a s  x .
I f  t h e  f r a c t i o n a l  c o n v e r s i o n  b a s e d  on Mn^O^ a s  t h e  
f i n a l  p r o d u c t  i s  d e s i g n a t e d  Z, a n d  i f  t h e  c h e m i c a l  r e a c t i o n  
s t e p  i s  a s su m e d  t o  c o n t r o l ,  i t  h a s  b e e n  shown i n  e q u a t i o n s  
( 1 3 )  a n d  ( 1 4 )  t h a t
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w h e r e  t  i s  t h e  t i m e  o f  r e a c t i o n ;  r  * ,  t h e  r a t e  o f  r e a c t i o n’ s
i n  m o le s  o f  MnOg p e r  u n i t  o f  r e a c t i o n  s u r f a c e  a r e a ;  a n d  
P MnO ’  t '*l e  mo -^a r  d e n s i t y  o f  MnC^. Th e  q u a n t i t y ,  k * ,
k ’ “  ^ ( r ‘ , )  ( 1 8 )  
may b e  d e s i g n a t e d  a n  a p p a r e n t  r a t e  c o n s t a n t ;  s i n c e  r  1 i s
a  f u n c t i o n  o f  p r e s s u r e  a n d  t e m p e r a t u r e ,  t h e  a p p a r e n t  r a t e
c o n s t a n t  w i l l  l i k e w i s e  v a r y  w i t h  t e m p e r a t u r e  a n d  h y d r o g e n
p r e s s u r e .
A t e s t  o f  t h i s  m o d e l  may b e  made by  e x a m i n i n g  t h e  
l i n e a r i t y  o f  a  p l o t  o f  1 -  (1  -  Z1)'*'/'* v e r s u s  t h e  t i m e  o f  
r e a c t i o n .  D a ta  f o r  f o u r  t e m p e r a t u r e s  a r e  p l o t t e d  i n  t h i s  
f a s h i o n  i n  F i g u r e  1 4 .  W ith  t h e  e x c e p t i o n  o f  t h e  l o w  c o n ­
v e r s i o n  p o i n t s ,  e x c e l l e n t  l i n e a r i t y  i s  o b s e r v e d .  I t  w i l l  
b e  r e c a l l e d  t h a t  t h e  lo w  c o n v e r s i o n  d a t a  a r e  c h a r a c t e r i z e d  
by  a n  a p p a r e n t  a u t o c a t a l y t i c  e f f e c t  w h i c h ,  o f  c o u r s e ,  h a s  
n o t  b e e n  c o n s i d e r e d  i n  f o r m u l a t i n g  t h e  m o d e l .  F o r  t h e  
same r e a s o n  t h e  s t r a i g h t  l i n e s  do  n o t  p a s s  t h r o u g h  t h e  
o r i g i n .
A p p a r e n t  r a t e  c o n s t a n t s  e v a l u a t e d  f r o m  t h e  s l o p e s  o f  
t h e  l i n e s  i n  F i g u r e  14 a r e  p r e s e n t e d  i n  a n  A r r h e n i u s  p l o t  
i n  F i g u r e  1 5 .  S e t t i n g
k f = A* e x p ( - E a / R T )  ( 1 9 )
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a n  a p p a r e n t  a c t i v a t i o n  e n e r g y  o f  Ea  = 2 6 . 8  k e a l . / m o l e  i s  
o b t a i n e d .  T h i s  v a l u e  i s  once  a g a i n  c o n s i s t e n t  w i t h  t h e  
p r e m i s e  t h a t  t h e  r e d u c t i o n  p r o c e s s  i s  c o n t r o l l e d  by  c h e m i c a l  
r e a c t i o n  i n  t h e  t e m p e r a t u r e  r a n g e  o f  2 0 0 °  t o  2 3 8 ° C .  The 
a c t i v a t i o n  e n e r g y  a g r e e s  v e i l  w i t h  t h e  2 2 . 2  k c a l . / m o l e  v a l u e  
o b t a i n e d  f o r  t h e  r e d u c t i o n  o f  0 . 1 2  t o  0 . 2 1  mm. g r a n u l e s  o f  
MnO£ i n  t h e  same t e m p e r a t u r e  r a n g e .
The e f f e c t  o f  h y d r o g e n  p a r t i a l  p r e s s u r e  u p o n  t h e  
r e d u c t i o n  o f  p e l l e t s  was i n v e s t i g a t e d  a t  2 2 6 ° C .  H e l ium  
was  u s e d  a s  t h e  d i l u e n t ,  an d  i n  e a c h  c a s e  t h e  t o t a l  p r e s ­
s u r e  was m a i n t a i n e d  a t  800 mm. H g .  T o t a l  f l o w  r a t e s  i n  
e x c e s s  o f  4 . 5  s t a n d a r d  c u b i c  f e e t  p e r  h o u r  w e r e  u s e d  t o  
a v o i d  b o u n d a r y - l a y e r  d i f f u s i o n a l  e f f e c t s .  The r e s u l t s  a r e  
show n  i n  F i g u r e  16 i n  t e r m s  o f  t h e  v a r i a t i o n  o f  t h e  a p ­
p a r e n t  r a t e  c o n s t a n t ,  k f . The i n f l u e n c e  o f  p r e s s u r e  can  
b e  e x p r e s s e d  by e q u a t i o n  ( 2 0 ) .
8 .0 3 X 1 0 - 8  PR
k T = ------------------------------------------   (20)
1 +  1 . 1 8 7 X 1 0 - 3  p„
2
T h i s  p r e s s u r e  d e p e n d e n c e  i s  c h a r a c t e r i s t i c  o f  a  c h e m i c a l l y -  
c o n t r o l l e d  s o l i d - g a s  r e a c t i o n  w h e r e  t h e  s u r f a c e  i s  o n l y  
p a r t i a l l y  s a t u r a t e d  w i t h  H2 , a n d  w h e r e  a d s o r p t i o n  o f  p r o d ­
u c t  H2 O i s  n e g l i g i b l e .
The r e t a r d i n g  e f f e c t  o f  w a t e r  v a p o r  was a l s o  i n v e s ­
t i g a t e d  a t  2 2 6 °C .  N o m in a l  1 a n d  1 0 #  ( v o lu m e  o r  m o le  % )  
l e v e l s  o f  w a t e r  v a p o r  c o n c e n t r a t i o n s  w e r e  u s e d ,  a n d  t h e
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t o t a l  p r e s s u r e  was m a i n t a i n e d  a t  800  mm. H g .  P r i o r  t o  a 
r u n  t h e  s a t u r a t o r  was c a l i b r a t e d  b y  c o l l e c t i n g  t h e  w a t e r  
f r o m  t h e  m o i s t  h y d r o g e n  s t r e a m  i n  t h e  r e c o v e r y  U - t u b e s  
o v e r  a  m e a s u r e d  t i m e  i n t e r v a l .  The e x t e n t  o f  r e d u c t i o n  
was p e r i o d i c a l l y  d e t e r m i n e d  by  p u r g i n g  t h e  s y s t e m  w i t h  
a r g o n ,  r e m o v i n g  t h e  s a m p l e  f r o m  t h e  f u r n a c e ,  a n d  w e i g h i n g  
t h e  p a r t i a l l y  r e d u c e d  o x i d e .  T h i s  p r o c e d u r e  was v a l i d  
b e c a u s e  t h e  r e d u c t i o n  p r o d u c t s  a t  2 2 6 °C  w e r e  f o u n d  t o  be 
s t a b l e  u p o n  r e m o v a l  f r o m  t h e  f u r n a c e  a n d  e x p o s u r e  t o  t h e  
a t m o s p h e r e .  The r e s u l t s  a r e  shown i n  F i g u r e  1 7 .  I n  t h e  
f i r s t  r u n  o f  t h i s  s e r i e s  ( n u m b e r  8 8 ) ,  a  p e l l e t  r e a c t e d  f o r  
4 0 0 0  s e c o n d s  i n  a  h y d r o g e n  s t r e a m  c o n t a i n i n g  9 . 9 $  w a t e r  
v a p o r ,  r e a c t e d  t o  o n l y  0 . 8 $  r e d u c t i o n ;  i n  t h e  a b s e n c e  o f  
w a t e r  v a p o r  t h e  c o n v e r s i o n  a t  t h i s  p o i n t  ( r u n  4 4 )  was 
a p p r o x i m a t e l y  1 6 $ .  T h u s ,  t h e  w a t e r  v a p o r  s e v e r e l y  h i n d e r e d  
t h e  s t a r t  o f  t h e  r e d u c t i o n  p r o c e s s .  The s a m p l e  was r e ­
p l a c e d  i n  t h e  f u r n a c e  a n d  r e a c t e d  i n  d r y  h y d r o g e n  f o r  a  
s e c o n d  4 0 0 0 - s e c o n d  p e r i o d .  I n  t h i s  i n t e r v a l  t h e  o x i d e  
r e a c t e d  i n  n o r m a l  f a s h i o n  t o  1 8 $  r e d u c t i o n .  A f t e r  t h i s ,  
t h e  s a m p l e  was o n c e  a g a i n  r e a c t e d  i n  a  9 . 9 $  w a t e r  v a p o r  
s t r e a m  f o r  s e v e r a l  i n t e r v a l s  o f  400 0  s e c o n d s .  The r e d u c ­
t i o n  p r o c e e d e d ,  b u t  a t  a  h i g h l y  r e t a r d e d  r a t e .  As w i l l  be 
s e e n  f r o m  T a b l e  3 ,  t h e  p r e s e n c e  o f  9 . 9 $  w a t e r  v a p o r  d e ­
c r e a s e d  t h e  a p p a r e n t  r a t e  c o n s t a n t ,  k T, by  a p p r o x i m a t e l y  
7 1 $ .
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TABLE 3
EFFECT OF WATER VAPOR ON REDUCTION RATE
T e m p e r a t u r e  = 226°C  
T o t a l  P r e s s u r e  = 800  mm. Hg
1 Run N o . %  W a t e r  V a p o r A p p a r e n t  R a t e  
C o n s t a n t  
k 1 X 1 0 5 ( s e c . - 1 )
44 0 . 0 3 . 2 6
89 1 . 1 1 . 8 0
88 9 . 9 0 . 9 4
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D a t a  f o r  a  s i m i l a r  r u n  made w i t h  a  h y d r o g e n  s t r e a m  
c o n t a i n i n g  1 . 1 $  w a t e r  v a p o r  ( r u n  8 9 )  a r e  a l s o  p l o t t e d  i n  
F i g u r e  1 7 .  The r e t a r d a t i o n  o f  t h e  i n i t i a l  r a t e  was n o t  
n e a r l y  a s  s e v e r e  a s  w i t h  t h e  9 . 9 $  w a t e r  r u n .  A s e c o n d  1 . 1 $  
w a t e r  v a p o r  r u n  ( n u m b e r  9 0 ,  n o t  s h o w n  on  F i g u r e  1 7 )  was 
made  i n  w h i c h  t h e  p e l l e t  was r e a c t e d  f o r  a  s i n g l e  1 4 , 0 0 0 -  
s e c o n d  p e r i o d  o f  t i m e .  The m e a s u r e d  c o n v e r s i o n  a t  t h i s  
p o i n t  w as  3 7 $ ;  t h i s  c o m p a r e s  f a v o r a b l y  w i t h  t h e  c o r r e s p o n d ­
i n g  v a l u e  o f  a p p r o x i m a t e l y  3 5$  b a s e d  on  t h e  d a t a  o f  r u n  8 9 .  
The p r o c e d u r e  o f  p e r i o d i c a l l y  r e m o v i n g  a n d  w e i g h i n g  t h e  
p a r t i a l l y  r e d u c e d  p e l l e t  d i d  n o t ,  t h e r e f o r e ,  i n t r o d u c e  a n y  
a p p r e c i a b l e  e r r o r .  I t  w i l l  be  o b s e r v e d  f r o m  T a b l e  3 t h a t  
t h e  p r e s e n c e  o f  1 . 1 $  w a t e r  v a p o r  i n  t h e  h y d r o g e n  s t r e a m  
d e c r e a s e d  t h e  a p p a r e n t  r a t e  c o n s t a n t  b y  a p p r o x i m a t e l y  4 5 $ .
The s t r o n g  i n h i b i t i n g  e f f e c t  o f  w a t e r  v a p o r  i s  o n c e  
a g a i n  c o n s i s t e n t  w i t h  t h e  p r e m i s e  t h a t  t h e  r e d u c t i o n  i s  
c o n t r o l l e d  by  t h e  c h e m i c a l  r e a c t i o n  s t e p .  A 1 0 $  w a t e r  
v a p o r  c o n c e n t r a t i o n  a t  226°C  i s  a p p a r e n t l y  e f f e c t i v e  i n  
e s s e n t i a l l y  p r e v e n t i n g  t h e  i n i t i a l  f o r m a t i o n  o f  1^ 2 ©^ o r  
Mn 0 n u c l e i .  T h i s  i s  a t t r i b u t e d  t o  t h e  p o i s o n i n g  o f  a c t i v e  
s i t e s  by  t h e  a d s o r p t i o n  o f  w a t e r  v a p o r .  I n  l i k e  m a n n e r ,  t h e  
r e t a r d a t i o n  a t  l a t e r  s t a g e s  o f  t h e  r e d u c t i o n  i s  a p p a r e n t l y  
d u e  t o  a p p r e c i a b l e  a d s o r p t i o n  o f  w a t e r  on  a c t i v e  s i t e s  a t  
t h e  s o l i d - g a s  r e a c t i o n  i n t e r f a c e .
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I n  summary ,  t h e  d a t a  on  s y n t h e t i c  Mn( > 2  i n d i c a t e  t h a t  
b e lo w  250°C t h e  r e d u c t i o n  b y  h y d r o g e n  i s  l i m i t e d  by  t h e  
c h e m i c a l  r e a c t i o n  s t e p .  The  r e d u c t i o n  p r a c t i c a l l y  s u b s i d e s  
w i t h  t h e  f o r m a t i o n  o f  Mn3 0 ^  i n  t h i s  r e g i o n .  The r a t e  
i n c r e a s e s  w i t h  h y d r o g e n  c o n c e n t r a t i o n  a t  l e a s t  up  t o  800 
mm. Hg p r e s s u r e ,  a n d  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y  i s  
a p p r o x i m a t e l y  22 t o  27 k c a l . / m o l e .  M o d e r a t e  c o n c e n t r a t i o n s  
o f  w a t e r  v a p o r  s e v e r e l y  i n h i b i t  t h e  r e d u c t i o n  p r o c e s s .  The 
k i n e t i c  a n d  X - r a y  d a t a  a r e  c o n s i s t e n t  w i t h  t h e  h y p o t h e s i s  
t h a t  t h e  p r i m a r y  g a s - s o l i d  r e a c t i o n  i s  c o n t r o l l e d  a t  t h e  
MngO^-Mn^O^ i n t e r f a c e ;  t h e  m e c h a n i s m  p r o b a b l y  c o n s i s t s  o f  
a d s o r p t i o n  o f  h y d r o g e n ,  s u r f a c e  r e a c t i o n ,  a n d  w a t e r  v a p o r  
d e s o r p t i o n ,  t h e  s l o w e s t  s t e p  b e i n g  t h e  s u r f a c e  r e a r r a n g e ­
m e n t .
H i g h - T e m p e r a t u r e  Regime
I t  h a s  b e e n  shown ( F i g u r e  1 0 )  t h a t  t h e  l o w - t e m p e r a t u r e  
r e d u c t i o n  r a t e s  c o r r e l a t e  l i n e a r l y  on a n  A r r h e n i u s  p l o t  
o n l y  up  t o  a b o u t  24 0 °C .  A b o v e  t h i s  t e m p e r a t u r e  c u r v a t u r e s  
a p p e a r ,  a n d  a b o v e  275°C t h e  r a t e s  o f  r e d u c t i o n  a c t u a l l y  
d e c r e a s e  a t  h i g h  c o n v e r s i o n s .  T h i s  i s  a l s o  e v i d e n t  i n  
F i g u r e  8 ,  w h e r e  t h e  300°C c o n v e r s i o n  c u r v e  i s  s e e n  t o  
i n t e r s e c t  b o t h  t h e  2 7 5 °  a n d  250°C  c u r v e s .  T h i s  b e h a v i o r  
i s  c h a r a c t e r i s t i c  o f  a  d r a s t i c  c h a n g e  i n  t h e  r e d u c t i o n  
k i n e t i c s .  I t  s h o u l d  b e  p o i n t e d  o u t ,  h o w e v e r ,  t h a t  t h e  
i n i t i a l  r e d u c t i o n  r a t e s  c o n t i n u e  t o  i n c r e a s e  w i t h  t e m p e r ­
a t u r e ;  c o n s e q u e n t l y ,  t h e  A r r h e n i u s  p l o t  f o r  t h e  r a t e s  a t
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t h e  10$  r e d u c t i o n  l e v e l  d o e s  n o t  d e v i a t e  g r e a t l y  f r o m  t h e  
c u s t o m a r y  l i n e a r  r e l a t i o n s h i p  i n  t h e  2 0 0 °  -  300°C t e m p e r ­
a t u r e  r a n g e .
I t  h a s  a l r e a d y  b e e n  m e n t i o n e d  t h a t  c o n t r o l  o f  s a m p le  
t e m p e r a t u r e  becam e  a  s e r i o u s  p r o b l e m  a b o v e  3 1 5 °C.  F o r  
e x a m p l e ,  a s a m p l e  p l a c e d  i n  a  p u r e  h y d r o g e n  s t r e a m  a t  350°C 
e x p e r i e n c e d  a  v e r y  r a p i d  t e m p e r a t u r e  r i s e  ( a t  l e a s t  5S°C, 
a n d  p r o b a b l y  much h i g h e r )  w i t h  c o n s e q u e n t  r e d u c t i o n  t o  MnO 
i n  s e v e r a l  m i n u t e s .  I t  was f o u n d  t h a t  t e m p e r a t u r e  s t a b i l ­
i t y  c o u l d  b e  m a i n t a i n e d  by u s i n g  h y d r o g e n - h e l i u m  m i x t u r e s  
s u f f i c i e n t l y  d i l u t e  i n  h y d r o g e n  c o n t e n t .  T h u s ,  t h e  r e a c ­
t i o n  c o u l d  be  c o n t r o l l e d  a t  325°C by  u s i n g  a n o m i n a l  50$  
h y d r o g e n  ( b a l a n c e ,  h e l i u m )  m i x t u r e ;  s i m i l a r l y ,  c o n t r o l  a t  
375°C  was a c h i e v e d  by  u s i n g  a n o m i n a l  10$  h y d r o g e n  ( b a l a n c e ,  
h e l i u m )  m i x t u r e .  The c o n v e r s i o n  c u r v e s  f o r  t h e s e  p a r t i c u l a r  
c o n d i t i o n s ,  F i g u r e  1 8 ,  a r e  t y p i c a l  o f  t h e  h i g h - t e m p e r a t u r e  
r e d u c t i o n  r u n s  i n  t h a t  t h e y  i l l u s t r a t e  t h e  c h a r a c t e r i s t i c  
v e r y  h i g h  i n i t i a l  r a t e ,  f o l l o w e d  by  a  much s u b s i d e d  a n d  
g r a d u a l l y  d e c r e a s i n g  r a t e  a t  h i g h e r  c o n v e r s i o n s .  T h e s e  
d a t a  c l e a r l y  i n d i c a t e  t h a t  t h e  d i f f i c u l t y  i n  t e m p e r a t u r e  
c o n t r o l  s t e m s  f r o m  t h e  h i g h  i n i t i a l  r e a c t i o n  r a t e ;  i f  
c o n t r o l  i s  n o t  m a i n t a i n e d  d u r i n g  t h e  f i r s t  f ew  m i n u t e s  o f  
r e a c t i o n ,  p a r t i c l e  t e m p e r a t u r e  r i s e s  r a p i d l y  w i t h  c o n s e ­
q u e n t  e s c a l a t i o n  o f  r a t e  t o  t h e  p o i n t  w h e r e  t h e  r e d u c t i o n  
t o  MnO i s  c o m p l e t e  i n  s e v e r a l  m i n u t e s .
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I n  c o n t r a s t  t o  t h e  d a t a  p l o t t e d  i n  F i g u r e  1 8 ,  i t  was 
n o t  p o s s i b l e  t o  m a i n t a i n  t e m p e r a t u r e  s t a b i l i t y  u n d e r  m o s t  
h i g h - t e m p e r a t u r e  c o n d i t i o n s  i n v e s t i g a t e d .  T h i s  p r o b l e m  
was o v e rc o m e  b y  s l o w l y  b l e e d i n g  h y d r o g e n  ( o r  a  h y d r o g e n -  
h e l i u m  m i x t u r e )  i n t o  a  f l o w i n g  s t r e a m  o f  a r g o n  d u r i n g  t h e  
s t a r t  o f  a  r u n .  A t  t h e  same t i m e  t h e  f l o w  r a t e  o f  a r g o n  
was g r a d u a l l y  d e c r e a s e d  o v e r  a n  i n t e r v a l  o f  a p p r o x i m a t e l y  
7 t o  10 m i n u t e s .  T h u s ,  t h e  h y d r o g e n  was i n t r o d u c e d  a t  a  
v e r y  l o w ,  b u t  g r a d u a l l y  i n c r e a s i n g ,  p a r t i a l  p r e s s u r e  
w h i l e  t h e  a r g o n ,  w i t h  i t s  r e l a t i v e l y  h i g h  h e a t  c a p a c i t y ,  
h e l p e d  t o  r e m o v e  t h e  h e a t  l i b e r a t e d  d u r i n g  t h e  s t a r t  o f  
t h e  r e a c t i o n .  C o n v e r s i o n s  i n  t h e  r a n g e  o f  15 t o  30# w e r e  
g e n e r a l l y  o b t a i n e d  d u r i n g  t h i s  i n t e r v a l  o f  t i m e .  No 
d i f f i c u l t y  i n  t e m p e r a t u r e  c o n t r o l  was e x p e r i e n c e d  a f t e r  
t h i s  i n i t i a l  p e r i o d  o f  r e d u c t i o n .
B e c a u s e  o f  t h e  r e l a t i v e l y  p o o r  h e a t  t r a n s f e r  c h a r a c ­
t e r i s t i c s  o f  l a r g e  s i n g l e  p e l l e t s ,  t h e  e x p e r i m e n t a l  r u n s  
i n  t h e  h i g h - t e m p e r a t u r e  r e g i o n  w e r e  l i m i t e d  t o  t h e  r e d u c ­
t i o n  o f  s m a l l  g r a n u l e s  ( 0 . 0 7  t o  0 . 2 1  mm.) o f  p y r o l u s i t e .
I n  a l l  c a s e s ,  s p e c i m e n s  f r o m  t h e  p r e p a r a t i o n  i d e n t i f i e d  
a s  B a t c h  B w e r e  u s e d .
X - r a y  p o w d e r  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  on a  
num ber  o f  p a r t i a l l y  r e d u c e d  o x i d e s  i n  t h e  h i g h - t e m p e r a t u r e  
r e g i o n .  T h e s e  p a t t e r n s  h a v e  b e e n  r e p r o d u c e d  i n  F i g u r e  9 ,  
and  t h e  p h a s e s  i d e n t i f i e d  a r e  s u m m a r i z e d  i n  T a b l e  2 .  I n
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r u n s  37 a n d  5 3 ,  a n  o x y g e n  m a t e r i a l  b a l a n c e  b e t v e e n  o x i d e  
w e i g h t  l o s s  a n d  w a t e r  p r o d u c t  r e c o v e r e d  a g r e e d  w i t h i n  tw o  
o r  t h r e e  p e r c e n t ,  i n d i c a t i n g  t h a t  r e - o x i d a t i o n  o f  t h e  
r e d u c t i o n  p r o d u c t s  u p o n  a t m o s p h e r i c  e x p o s u r e  was n e g l i g i b l e .  
On t h e  o t h e r  h a n d ,  i n  r u n s  46 a n d  1 0 6 ,  t h e  w a t e r  r e c o v e r e d  
e x c e e d e d  t h e  w a t e r  f o r m e d ,  b a s e d  on w e i g h t  l o s s ,  by a p p r o x ­
i m a t e l y  f i v e  p e r c e n t  ( t h i s ,  d e s p i t e  t h e  f a c t  t h a t  i n  r u n  
106 t h e  s p e c i m e n  was c o o l e d  t o  room t e m p e r a t u r e  i n  a r g o n  
b e f o r e  e x p o s u r e  t o  t h e  a t m o s p h e r e ) .  I t  i s  v e r y  l i k e l y  
t h a t  some o f  t h e  MnO i n  t h e  p r o d u c t s  o f  r u n s  46 a n d  1 0 6 ,  
known t o  h a v e  f o r m e d ,  was r e - o x i d i z e d  a s  t h e  s a m p l e s  w e r e  
w i t h d r a w n  f r o m  t h e  f u r n a c e .
I t  w i l l  be  r e c a l l e d  t h a t  MnO was n o t  d e t e c t e d  i n  t h e  
p r o d u c t s  r e d u c e d  a t  2 5 0 °  o r  2 2 5 ° C .  On t h e  c o n t r a r y ,  a n  
a p p r e c i a b l e  am oun t  o f  MnO ( p a t t e r n  c o m p a r e d  t o  t h a t  o f  
m a n g a n o s i t e ( 3 1 ) )  was o b s e r v e d  i n  a  s p e c i m e n  r e d u c e d  a t  
315°C ( r u n  3 7 ) ,  e v en  t h o u g h  t h e  c o n v e r s i o n  was o n l y  4 5 $ .
The M n g O , ^ ^ )  a n d  M n - j O ^ - ^ )  p a t t e r n s  w e r e  w e l l  e s t a b l i s h e d  
i n  a  s a m p l e  r e d u c e d  t o  2 1 $  c o n v e r s i o n  a t  3 5 0 °C ,  b u t  t h e  
MnO l i n e s  i n  t h e  same s a m p l e  w e r e  n o t i c e a b l y  w e a k e r .
I n a s m u c h  a s  t h e  i n i t i a l  h i g h  r e d u c t i o n  r a t e  s u b s i d e d  a t  
a p p r o x i m a t e l y  17$  c o n v e r s i o n  a t  t h i s  t e m p e r a t u r e ,  t h e  
e a r l y  s t a g e  o f  t h e  r e a c t i o n  m u s t  be a s s o c i a t e d  w i t h  t h e  
f o r m a t i o n  o f  Mn2 0 3  a n d  Mn^O^. I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  a t  a  c o n v e r s i o n  o f  7 8 $  ( 3 5 0 ° C ) ,  m i n o r  q u a n t i t i e s  o f
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Mu^O^ a n d  Mn-jO^ w e re  a g a i n  f o u n d .  I t  i s  s o m ew h a t  s u r p r i s ­
i n g  s t i l l  t o  f i n d  a n  a p p r e c i a b l e  a m o u n t  o f  Mn0 2  a t  t h i s  
p o i n t .  F i n a l l y ,  a  s a m p l e  r e d u c e d  t o  60# c o n v e r s i o n  a t  
450°C  c o n t a i n e d  b o t h  MnO a n d  Mn02 a s  m a j o r  c o n s t i t u e n t s ,  
w i t h  once  a g a i n  m i n o r  q u a n t i t i e s  o f  Mta^O^ a »d  Mn-jO^.
The X - r a y  d a t a  i n d i c a t e  t h a t  t h e  i n i t i a l  v e r y  h i g h  
r e d u c t i o n  r a t e s  r e s u l t  f r o m  a  v e r y  r a p i d  r e d u c t i o n  o f  some 
Mn© 2  t o  Mn2 0 3 a n d  Mn-jO^. C o n t r a r y  t o  t h e  l o w - t e m p e r a t u r e  
r e s u l t s ,  h o w e v e r ,  t h e  f o r m a t i o n  o f  Mn-jO^ a p p a r e n t l y  s u b ­
s i d e s  a f t e r  a n  a p p r e c i a b l e  a m o u n t  h a s  f o r m e d .  T h i s  w o u ld  
be  t h e  c a s e  i f  t h e  Mn^O^ w e r e  t o  become p r o t e c t i v e ;  t h a t  
i s ,  s u f f i c i e n t l y  d e n s e  t o  s e v e r e l y  r e s t r i c t  t h e  c o u n t e r ­
d i f f u s i o n  o f  h y d r o g e n  a n d  p r o d u c t  w a t e r  v a p o r  t h r o u g h  t h e  
l a y e r  o f  r e d u c e d  o x i d e  f o r m e d .  The r e d u c t i o n  p r o c e s s  
w o u ld  t h e n  be  s h a r p l y  c u r t a i l e d ,  o r ,  i n  t h e  l i m i t  o f  a 
p e r f e c t l y  d e n s e  l a y e r ,  s t o p p e d  a l t o g e t h e r .  I n  a n y  e v e n t ,  
i n  t h i s  r e g i o n  t h e  t e m p e r a t u r e  i s  s u f f i c i e n t l y  h i g h  f o r  
t h e  Mn^O^ i t s e l f  t o  u n d e r g o  r e d u c t i o n  t o  t h e  m o n o x i d e .
I t  s h o u l d  be  n o t e d  t h a t  a t  t h e  h i g h e r  t e m p e r a t u r e s  Mn203 
a n d  Mn^O^ w e r e  f o u n d  o n l y  i n  m i n o r  a m o u n t s ,  y e t  a t  a l l  
l e v e l s  o f  c o n v e r s i o n .  T h i s  s u g g e s t s  t h a t  t h e  r e d u c t i o n  
p r o c e e d s  t o p o c h e m i c a l l y  t h r o u g h  t h e  s e r i e s  MnC^ —
Mn-jO^—>-MnO, w i t h  t h e  two i n t e r m e d i a t e  o x i d e s  f o r m i n g  
r e l a t i v e l y  s m a l l  l a y e r s  b e t w e e n  t h e  u n r e a c t e d  d i o x i d e  
a n d  t h e  r e d u c e d  m o n o x id e .
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A s e r i e s  o f  r u n s  w as  c o n d u c t e d  i n  t h e  v e r t i c a l - t u b e  
f u r n a c e  i n  p u r e  h y d r o g e n  ( 8 0 0  mm. Hg p r e s s u r e )  a t  3 7 5 ° C  i n  
o r d e r  t o  d e t e r m i n e  t h e  i m p o r t a n c e  o f  v a r i o u s  r e s i s t a n c e s  
i n  t h e  r e d u c t i o n  p r o c e s s .  P a r a m e t e r s  v a r i e d  w e re  p a r t i c l e  
s i z e ,  f l o w  r a t e ,  s a m p l e  s i z e  a n d  b ed  d e p t h .  The c o n v e r s i o n ­
t i m e  d a t a  f o r  t h e s e  r u n s  h a v e  b e e n  p l o t t e d  i n  F i g u r e  1 9 .
Bed d e p t h  was v a r i e d  by  u s i n g  o n e ,  t w o ,  o r  t h r e e  n i c k e l  
b a s k e t s  f o r  t h e  s u p p o r t  o f  t h e  o x i d e  s p e c i m e n ;  w h e r e  m u l ­
t i p l e  b a s k e t s  w e r e  u s e d ,  o n e  was p l a c e d  a b o v e  t h e  o t h e r  i n  
c l o s e  p r o x i m i t y  ( b o t t o m - t o - b o t t o m  d i s t a n c e  was a p p r o x i ­
m a t e l y  4 t o  5 m m .) .  The  b e d  d e p t h  was e s t i m a t e d  f r o m  t h e  
known g e o m e t r y  o f  t h e  b a s k e t s  a n d  t h e  m e a s u r e d  b u l k  
d e n s i t i e s  o f  t h e  o x i d e  s a m p l e s .
U n d e r  t h e s e  c o n d i t i o n s  i t  was n e c e s s a r y  t o  i n t r o d u c e  
h y d r o g e n  s l o w l y  i n  g r a d u a l l y  i n c r e a s i n g  c o n c e n t r a t i o n s  t o  
m a i n t a i n  t e m p e r a t u r e  s t a b i l i t y .  Ko d a t a  w e re  t a k e n  u n t i l  
t h e  r e a c t i o n  c o u l d  be  c o n t r o l l e d  a t  a n  i n d i c a t e d  t e m p e r a t u r e  
o f  375°C  i n  t h e  p r e s e n c e  o f  p u r e  h y d r o g e n .  C o n s e q u e n t l y ,  
t h e  m e a s u r e d  c o n v e r s i o n  a t  t h e  f i r s t  d a t a  p o i n t  f o r  e a c h  
r u n  was i n  t h e  v i c i n i t y  o f  3 0 $ .  T h e r e  w a s ,  a s  e x p e c t e d ,  
some v a r i a b i l i t y  i n  i n i t i a l  f l o w  r a t e s  a n d  h y d r o g e n  p a r t i a l  
p r e s s u r e s  f r o m  r u n  t o  r u n ;  t h i s  h a d  t h e  e f f e c t  o f  s h i f t i n g  
t h e  e n t i r e  c o n v e r s i o n  c u r v e  h o r i z o n t a l l y  i n  t h e  t i m e  
c o o r d i n a t e  d i r e c t i o n .  A c c o r d i n g l y ,  i n  r e v i e w i n g  F i g u r e  
1 9 ,  i t  i s  m o re  m e a n i n g f u l  t o  e x a m i n e  t h e  s l o p e s  o f  t h e





















1 0 0 %  HYDROGEN 
TEM PER ATU R E =  3 7 5 ° C  
P R E S S U R E  =  8 0 0 m m  Hg
NO TE:
CURVES ARE DRAWN THROUGH 
DATA POINTS OF DUPLICATE 
RU N S.
RUN' PARTICLE FLOW SAMPLE AVERAGE
NO SIZE RATE SIZE BED DEPTH
(mm) ( f t3/  h r ) (g) (m m )
C 6 7 .1 0 5 . 0 1.5 1 .0
O  6  1 .1 0 5 . 0 1 .5 1 .0
O  7  1 .1 8 5 . 0 1.5 1.0
A  5 6 .1 0 5 . 0 1.5 4 . 8
V  6  6 .1 0 13 .0 1.5 4 . 4
A 5  7 .10 5 . 0 3 . 0 6 . 6
m 5  8 .14 5 . 0 0 . 7 5 2 . 4
1 1 6 3 .14 5 . 0 0 . 7 5 1 .6
□  5 5 .14 5 . 0 1 .5 4 . 5
4  6
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FIG. 19 REDUCTION OF PARTICLES AT 3 7 5 °C
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v a r i o u s  c o n v e r s i o n - t i m e  c u r v e s  ( i . e . ,  t h e  r e d u c t i o n  r a t e s )  
a t  a  g i v e n  c o n v e r s i o n ,  r a t h e r  t h a n  t o  c o m p a r e  t h e  c o n ­
v e r s i o n s  o f  v a r i o u s  r u n s  a t  a  g i v e n  t i m e .
D i f f e r e n c e s  i n  t h e  r e d u c t i o n  c u r v e s  o f  F i g u r e  19 a r e  
r a t h e r  m i n o r .  A c a r e f u l  a n a l y s i s  o f  t h e s e  d a t a  l e a d s  t o  
t h e  c o n c l u s i o n  t h a t  t h e  o n l y  s i g n i f i c a n t  v a r i a b l e  i s  bed  
d e p t h .  T h u s ,  a b o v e  4 5 #  c o n v e r s i o n  t h e  r e d u c t i o n  r a t e s  
d e c r e a s e  w i t h  a n  i n c r e a s e  i n  t h e  bed  d e p t h .  T h i s  i s  a p p a r ­
e n t l y  d u e  t o  some h y d r o g e n  d e p l e t i o n ,  o r ,  m o re  l i k e l y ,  t o  
t h e  r e t a r d i n g  e f f e c t  o f  w a t e r  v a p o r ,  some o f  which  may h a v e  
a c c u m u l a t e d  i n  t h e  b e d .  The r e d u c t i o n  r a t e s  a p p e a r  t o  be  
m ore  n e a r l y  e q u a l  i n  t h e  3 0  t o  4 5 #  c o n v e r s i o n  r a n g e ;  i n  
t h i s  r e g i o n ,  h o w e v e r ,  o t h e r  c o m p o u n d in g  e f f e c t s  may a l s o  
e x i s t .  F o r  i n s t a n c e ,  s i n c e  t h e  r e a c t i o n  i s  e x o t h e r m i c  
one  w o u ld  e x p e c t  t h e  t e m p e r a t u r e  t o  b e  s o m ew h a t  h i g h e r  i n  
a  l a r g e  bed  o f  p a r t i c l e s  t h a n  i n  a  s m a l l  b e d .  T h i s  e f f e c t  
w ou ld  be  g r e a t e r  i n  t h e  e a r l y  s t a g e  o f  t h e  r e d u c t i o n  w h e re  
t h e  r a t e s  a r e  h i g h e r ,  an d  i t  c o u l d  c o n c e i v a b l y  c o m p e n s a t e  
f o r  t h e  o t h e r  r e t a r d a t i o n  e f f e c t s .  T h a t  b e d  d e p t h  i s ,  
i n d e e d ,  t h e  o n l y  s i g n i f i c a n t  v a r i a b l e  w i l l  be  s e e n  m ore  
c l e a r l y  a t  a l a t e r  p o i n t  when r a t e  c o n s t a n t s  b a s e d  on a 
m ode l  o f  t h e  r e d u c t i o n  p r o c e s s  w i l l  b e  q u a n t i t a t i v e l y  
c o m p a r e d .
F o r  r e a s o n s  p r e v i o u s l y  d i s c u s s e d  i n  t h e  a n a l y s i s  o f  
t h e  l o w - t e m p e r a t u r e  d a t a ,  i t  i s  c o n c l u d e d  t h a t  a t  3 7 5 ° C
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( 1 )  b o u n d a r y - l a y e r  t r a n s p o r t  r e s i s t a n c e  i s  n e g l i g i b l e  f o r  
f l o w  r a t e s  o f  5 . 0  s t a n d a r d  c u b i c  f e e t  p e r  h o u r  o r  g r e a t e r ,  
a n d  ( 2 )  p o r e - d i f f u s i o n  r e s i s t a n c e  i s  n e g l i g i b l e  f o r  g r a n u l e s  
o f  a v e r a g e  s c r e e n  s i z e  d i a m e t e r s  r a n g i n g  f r o m  0 . 1  t o  0 . 1 8  
mm.
B a s e d  on t h e  d a t a  i n  F i g u r e  1 9 ,  a p p r o p r i a t e  f l o w  
r a t e s ,  s a m p l e  w e i g h t s ,  a n d  p a r t i c l e  s i z e s  w e r e  s e l e c t e d  
f o r  r u n s  c o n d u c t e d  a t  o t h e r  t e m p e r a t u r e s  a n d  h y d r o g e n  c o n ­
c e n t r a t i o n s  so  a s  t o  m i n i m i z e  d i f f u s i o n a l  r e s i s t a n c e s .  
F u r t h e r m o r e ,  i n  an  a t t e m p t  t o  m i n i m i z e  t h e  r e t a r d i n g  e f f e c t  
o f  l a r g e  b e d s  o f  p a r t i c l e s ,  bed  d e p t h s  w e r e  g e n e r a l l y  k e p t  
a t  a p p r o x i m a t e l y  one  mm. R e d u c t i o n  e x p e r i m e n t s  w e r e  
c a r r i e d  o u t  i n  t h e  v e r t i c a l - t u b e  f u r n a c e  a t  a  t o t a l  p r e s ­
s u r e  o f  800  mm. Hg i n  t h e  t e m p e r a t u r e  r a n g e  o f  3 2 5 °  t o  
4 2 5 ° C .  H y d r o g e n - h e l i u m  m i x t u r e s  w i t h  n o m i n a l  h y d r o g e n  
c o n c e n t r a t i o n s  o f  1 0 ,  2 5 ,  5 0 ,  a n d  7 5 $ ,  a s  w e l l  a s  p u r e  
h y d r o g e n ,  w e r e  u s e d .  T y p i c a l  h i g h - t e m p e r a t u r e  c o n v e r s i o n  
c u r v e s  f o r  t h e  p u r e  h y d r o g e n  r u n s  h a v e  b e e n  p l o t t e d  i n  
F i g u r e  8 .  A t t e m p e r a t u r e s  o f  3 2 5 ° C  a n d  h i g h e r  ( 1 0 0 $  
h y d r o g e n  r u n s ) ,  t h e  i n i t i a l  h y d r o g e n  s t r e a m s  w e r e  d i l u t e d  
w i t h  a r g o n  i n  o r d e r  t o  m a i n t a i n  t e m p e r a t u r e  s t a b i l i t y .
I t  was p o s s i b l e  t o  c o r r e l a t e  t h e  h i g h - t e m p e r a t u r e  
r e d u c t i o n  d a t a  i n  t e r m s  o f  a  s i m p l e  r a t e  m o d e l  s i m i l a r  t o  
t h a t  u s e d  f o r  p o r o u s  p e l l e t s  a t  l o w  t e m p e r a t u r e s .  The 
X - r a y  d a t a  h a v e  shown t h a t  e i t h e r  MnO o r  Mn02? o r  b o t h  o f
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t h e s e  o x i d e s ,  f o r m e d  t h e  m a j o r  p h a s e  o r  p h a s e s  p r e s e n t  i n  
a  p a r t i a l l y  r e d u c e d  s p e c i m e n .  A l t h o u g h  t h e  Mn2 0 3  a n d  
1 ^ 3 0 4  p h a s e s  w e r e  a l w a y s  f o u n d ,  t h e y  w e r e  p r e s e n t  i n  r e l ­
a t i v e l y  m i n o r  q u a n t i t i e s .  On t h i s  b a s i s  o n e  may p o s t u l a t e  
t h a t  t h e  r e d u c t i o n  p r o c e e d s  t o p o c h e m i c a l l y  t h r o u g h  s u c c e s ­
s i v e  s t a g e s  o f  Mn0 2  —^  Mn2 0 2 “ ^  M n ^ O ^ M n O ,  w i t h  t h e  i n t e r ­
m e d i a t e  o x i d e s  f o r m i n g  r e l a t i v e l y  s m a l l ,  b u t  d e n s e ,  l a y e r s  
b e t w e e n  u n r e a c t e d  d i o x i d e  a n d  r e d u c e d  p o r o u s  m o n o x i d e .
I f  t h e  t h i c k n e s s  o f  t h e  Mn2 0 3  a n d  Mn^O^ l a y e r s  c a n  be 
n e g l e c t e d ,  t h e  m o d i f i e d  c o r e  m o d e l  d e p i c t e d  i n  F i g u r e  13 
c a n  be  a p p l i e d .  H e r e ,  a  p o r o u s  g r a n u l e  i s  f i r s t  i m a g i n e d  
t o  c o n s i s t  o f  a n  a g g l o m e r a t i o n  o f  many d e n s e  c u b e s ,  e a c h  
o f  e d g e  x Q. U n d e r  c o n d i t i o n s  w h e r e  b o u n d a r y - l a y e r  t r a n s ­
p o r t  a n d  p o r e - d i f f u s i o n  r e s i s t a n c e s  ( a s  w e l l  a s  t e m p e r a t u r e  
g r a d i e n t s )  a r e  n e g l i g i b l e ,  i t  i s  s u f f i c i e n t  t o  c o n s i d e r  
t h e  r e d u c t i o n  o f  a  s i n g l e  h y p o t h e t i c a l  d e n s e  c u b e .  A 
p a r t i a l l y  r e d u c e d  c u b e  i s ,  i n  t u r n ,  p i c t u r e d  a s  a  d e n s e  
Mn0 2  c o r e  s u r r o u n d e d  by  a p o r o u s  l a y e r  o f  t h e  m o n o x id e  
p h a s e ;  t h e  i n t e r m e d i a t e  l a y e r s  o f  Mn2 0 .j a n d  Mn^O^ a r e  
n e g l e c t e d .  A c c o r d i n g  t o  t h i s  m o d e l ,  t h e  g a s - s o l i d  r e d u c ­
t i o n  o c c u r s  o n l y  a t  t h e  Mn^O^/MnO b o u n d a r y ,  t h e  o t h e r  
r e d u c t i o n s  p r o c e e d i n g  by s o l i d - s t a t e  p r o c e s s e s .  T h i s  
i m p l i e s  t h a t  t h e  Mn3 0 4  p h a s e  b e c o m e s  p r o t e c t i v e ,  t h a t  i s ,  
i t  f o r m s  a s  a  d e n s e ,  n o n p o r o u s  l a y e r .  S i n c e  t h e  v o lu m e s  
o f  o x i d e  p e r  g ra m  o f  m a n g a n e s e  ( b a s e d  on r o o m - t e m p e r a t u r e  
d e n s i t i e s )  a r e  0 . 3 1 5 ,  0 . 3 1 9 ,  0 . 2 8 7  a n d  0 . 2 3 8  cm .^  f o r
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MnC^, Mn^O^, a n d  MnO, r e s p e c t i v e l y ,  one  would  a t
f i r s t  n o t  e x p e c t  Mn3 0 4  t o  b e  a b l e  t o  fo r m  a s  a d e n s e  
r e d u c t i o n - p r o d u c t  l a y e r  on  Mn20.j .  H o w ev e r ,  F r a n k  and  v a n  
l ) e r  M e r w e ^ ’ ^  h a v e  p r e s e n t e d  t h e o r e t i c a l  a r g u m e n t s  w h ic h  
show t h a t  a  d e n s e ,  n o n p o r o u s  l a y e r  o f  one  p h a s e  may f o r m  
on a s e c o n d  p h a s e  i f  t h e  e x t e n t  o f  m i s f i t  i n  s p e c i f i c  
v o lu m e  i s  l e s s  t h a n  a b o u t  1 4 % ,
The X - r a y  d a t a  h a v e  sh o w n  t h a t  t h e  v e r y  h i g h  i n i t i a l  
r e d u c t i o n  r a t e  i s  a s s o c i a t e d  w i t h  t h e  b u i l d - u p  o f  Mn^O^ 
a n d  Mn^O^, T h i s ,  t o g e t h e r  w i t h  t h e  s u b s e q u e n t  s h a r p  d e c l i n e  
i n  r a t e ,  a l s o  p o i n t s  t o w a r d  t h e  f o r m a t i o n  o f  a  d e n s e  n o n ­
p o r o u s  p r o t e c t i v e  l a y e r  o f  Mn^O^.
I f  t h e  f r a c t i o n a l  c o n v e r s i o n  b a s e d  on MnO a s  a  f i n a l
11
p r o d u c t  i s  d e s i g n a t e d  Z, a n d  i f  t h e  c h e m i c a l  r e a c t i o n  s t e p  
i s  a s su m e d  t o  c o n t r o l ,  i t  h a s  b e e n  shown t h a t  t h e  p r o p o s e d  
m o d e l  p r e d i c t s
- L g j l  = i - ( i - z ” ) 1 / 3  = i a J L i  ( 2 1 )
P Mn02X° X°
w h e r e  t  i s  t h e  t i m e  o f  r e a c t i o n ;  r s n ,  t h e  r a t e  o f  r e a c t i o n
i n  m o l e s  o f  Mn02 p e r  u n i t  a r e a ;  a n d  MnO > t i^e  m° l a r
2
d e n s i t y  o f  Mn02 « The q u a n t i t y  k ” ,
it _ 2
,x o
( r  " )  ( 2 2 )
P h a O _
may b e  d e s i g n a t e d  a n  a p p a r e n t  r a t e  c o n s t a n t .  B e c a u s e  r g 
i s  a f u n c t i o n  o f  p r e s s u r e  a n d  t e m p e r a t u r e ,  t h e  a p p a r e n t
it
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r a t e  c o n s t a n t  w i l l  l i k e w i s e  b e  t e m p e r a t u r e -  a n d  p r e s s u r e -  
d e p e n d e n t  .
A t e s t  o f  t h i s  m o d e l  may be made by  e x a m i n i n g  t h e  
l i n e a r i t y  o f  a p l o t  o f  1 -  ( 1  -  Z v e r s u s  t h e  t i m e  o f
r e a c t i o n .  I l l u s t r a t i v e  d a t a  f o r  s e v e r a l  t e m p e r a t u r e s  a r e  
p l o t t e d  i n  t h i s  m an n er  i n  F i g u r e  2 0 .  T h e s e  p a r t i c u l a r  
r u n s  w e re  c a r r i e d  o u t  i n  p u r e  h y d r o g e n ,  b u t  s i m i l a r  r e s u l t s  
w e re  o b t a i n e d  f o r  r e d u c t i o n s  c o n d u c t e d  i n  v a r i o u s  h y d r o g e n -  
h e l i u m  m i x t u r e s .  As e x p e c t e d ,  t h e  m o d e l  d o e s  n o t  a p p l y  
d u r i n g  t h e  i n i t i a l  h i g h  r a t e  p e r i o d  o f  r e d u c t i o n ;  f o r  t h i s  
r e a s o n ,  t h e  s t r a i g h t  l i n e s  do n o t  i n t e r s e c t  a t  t h e  o r i g i n .  
N e v e r t h e l e s s ,  t h e  m ode l  d o e s  f i t  t h e  e x p e r i m e n t a l  d a t a  
v e r y  n i c e l y  i n  t h e  r a n g e  o f  30 t o  95# c o n v e r s i o n .  I n  some 
r u n s  ( f o r  e x a m p l e ,  r u n s  7 5 ,  8 4 ,  a n d  8 7 )  w h e re  t h e  t e m p e r ­
a t u r e  s t a b i l i z e d  more  q u i c k l y  and  w h e r e  d a t a  p o i n t s  a t  
l o w e r  c o n v e r s i o n s  w e re  t a k e n ,  t h e  m o d e l  was v a l i d  a t  
c o n v e r s i o n s  a s  low  a s  15 t o  2 0 # .  b e c a u s e  o f  t h e  s u c c e s s  
o f  t h i s  s i m p l e  m o d e l ,  t h e  r e d u c t i o n  r a t e  a t  a  g i v e n  t e m p e r ­
a t u r e  a n d  h y d r o g e n  p r e s s u r e  may be  r e p r e s e n t e d  by  a s i n g l e  
a p p a r e n t  r a t e  c o n s t a n t ,  k " . V a l u e s  o f  k ” may,  o f  c o u r s e ,  
b e  o b t a i n e d  by s i m p l y  e v a l u a t i n g  t h e  s l o p e s  o f  t h e  1 -  
(i  - z" ) 1 / 3 v e r s u s  t i m e  p l o t s .  T h i s  g r e a t l y  f a c i l i t a t e s  
t h e  c o m p a r i s o n  a n d  c o r r e l a t i o n  o f  t h e  r a t e  d a t a .
The p u r e  h y d r o g e n ,  375°C d a t a  p r e v i o u s l y  d i s c u s s e d  
( F i g u r e  1 9 ) ,  i n  w h i c h  n u m e ro u s  e x p e r i m e n t a l  p a r a m e t e r s  w e r e
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v a r i e d ,  c a n  be  a n a l y z e d  i n  t e r m s  o f  t h e  a p p a r e n t  r a t e  
c o n s t a n t s .  F o r  t h i s  c o m p a r i s o n  v a l u e s  o f  k "  w e re  c a l c u ­
l a t e d  f o r  t h e  n i n e  r u n s  b y  l i n e a r  l e a s t - s q u a r e s  a n a l y s i s ,  
u s i n g  t h e  d a t a  i n  t h e  r a n g e  o f  30 t o  9 5 #  c o n v e r s i o n .  The 
95#  c o n f i d e n c e  l i m i t s  f o r  t h e s e  r a t e  c o n s t a n t s  w e r e  
a p p r o x i m a t e l y  p l u s  o r  m i n u s  t h r e e  p e r c e n t  o f  t h e  m a g n i t u d e  
o f  t h e  r a t e  c o n s t a n t s  t h e m s e l v e s .  T h a t  t h e  a p p a r e n t  r a t e  
c o n s t a n t s  f o r  t h e s e  r u n s  w e r e  a  f u n c t i o n  o f  bed  d e p t h  
a l o n e  ( a n d  n o t  f l o w  r a t e ,  p a r t i c l e  s i z e ,  e t c . )  i s  e v i d e n t  
f r o m  F i g u r e  2 1 .  As s u g g e s t e d  e a r l i e r ,  t h e  d e c r e a s e  i n  
r a t e  a s  t h e  bed  d e p t h  i s  i n c r e a s e d  i s  p r e s u m a b l y  d u e  t o  
t h e  r e t a r d i n g  e f f e c t  o f  w a t e r  v a p o r .  I n  a n y  e v e n t ,  F i g u r e  
21 shows t h a t  t h e  o b s e r v e d  r a t e  a t  a  b e d  d e p t h  o f  one  mm. 
i s  w i t h i n  a p p r o x i m a t e l y  f i v e  p e r c e n t  o f  t h e  r a t e  e x t r a p ­
o l a t e d  t o  z e r o  bed  d e p t h .  A t  l o w e r  t e m p e r a t u r e s  o r  l o w e r  
h y d r o g e n  c o n c e n t r a t i o n s  t h e  r a t e s  w o u ld  be  l e s s  a n d  t h e  
d i f f e r e n c e s  b e t w e e n  one  mm. a n d  z e r o  b e d  d e p t h s  w o u ld  
p r o b a b l y  a l s o  be l e s s .  C o n s e q u e n t l y ,  o b s e r v e d  r a t e s  f o r  
r e d u c t i o n s  a t  o t h e r  c o n d i t i o n s  w h e r e  b e d  d e p t h s  w e re  
g e n e r a l l y  k e p t  a t  a p p r o x i m a t e l y  one  mm. s h o u l d  be  w i t h i n  
f i v e  p e r c e n t  o f  t h e  t r u e  r e d u c t i o n  r a t e s .
S e v e r a l  r u n s  i n  w h i c h  t h e  bed  d e p t h ,  f l o w  r a t e  a n d  
p a r t i c l e  s i z e  v a r i e d  w e r e  a l s o  c o n d u c t e d  a t  425°C i n  a  
9 . 7 3 #  h y d r o g e n  ( b a l a n c e ,  h e l i u m )  m i x t u r e .  The r a t e  c o n ­
s t a n t s  f o r  t h e s e  r u n s  a r e  g i v e n  i n  T a b l e  4 .  T h e s e  d a t a
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REDUCTION RATES AT 4 2 5 ° C  
IN 9 . 7 3 $  H2 -  9 0 . 2 7 $  He MIXTURE
Run
No.
P a r t i c l e  
S i z e  
(mm. )
F lo w  R a t e  
( c u .  f t . /  
h r . )
E s t i m a t e d  
Bed D e p t h  
(mm. )
A p p a r e n t  R a t e  
C o n s t a n t  
k MX10^ ( s e c . - ^ )
79 0 . 1 5 - 0 . 2 1 5 . 5 1 . 0 1 1 . 3  ± 0 . 6 *
80 0 . 1 5 - 0 . 2 1 8 . 0 1 . 0 1 1 . 4  ± 0 . 4 *
77 0 . 1 0 - 0 . 1 2 1 0 . 5 2 . 3 1 0 . 6  ± 0 . 6
81 
i----------
0 . 1 0 - 0 . 1 2 8 . 0 1 . 0 1 1 . 6  ± 0 . 6
*  . it
95$  C o n f i d e n c e  L i m i t s  o f  k
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show once  a g a i n  t h a t  t h e  o n l y  s i g n i f i c a n t  v a r i a b l e  i s  b e d  
d e p t h .
The v a r i a t i o n  o f  t h e  a p p a r e n t  r a t e  c o n s t a n t  w i t h  
t e m p e r a t u r e  i s  shown i n  F i g u r e  2 2 .  I t  w i l l  b e  o b s e r v e d  
t h a t  t h e  s l o p e  o f  t h e  A r r h e n i u s  p l o t  d o e s  n o t  v a r y  a p p r e ­
c i a b l y  w i t h  h y d r o g e n  p a r t i a l  p r e s s u r e ;  t h e  a p p a r e n t  
a c t i v a t i o n  e n e r g i e s  a r e  i n  t h e  r a n g e  o f  26 t o  29 k c a l . /  
m o l e .  T h i s  s t r o n g  t e m p e r a t u r e  d e p e n d e n c y  i s  c o n s i s t e n t  
w i t h  t h e  b a s i c  h y p o t h e s i s  t h a t  t h e  r e d u c t i o n  p r o c e s s  i s  
l i m i t e d  by c h e m i c a l  r e a c t i o n ,  a n d  n o t  by a n y  d i f f u s i o n  
s t e p .
The e x c e l l e n t  f i t  o f  t h e  m o d e l  t o  t h e  k i n e t i c  d a t a ,  
t o g e t h e r  w i t h  a n  e n t i r e l y  r e a s o n a b l e  t e m p e r a t u r e  c o e f ­
f i c i e n t  f o r  t h e  a p p a r e n t  r a t e  c o n s t a n t ,  d o e s  n o t  i n s u r e  
t h e  a b s e n c e  o f  s i g n i f i c a n t  g a s  d i f f u s i o n  r e s i s t a n c e  t h r o u g h  
t h e  MnO p r o d u c t  l a y e r .  T h i s  i s  b e c a u s e  t h e  m o d e l  ( a n d  t h e  
s t r a i g h t - l i n e  m o d e l  p l o t s  i n  F i g u r e  2 0 )  i s  n o t  v e r y  s e n s i ­
t i v e  t o  a  m o d e r a t e  d i f f u s i o n  r e s i s t a n c e  t h r o u g h  t h e  
p r o d u c t  l a y e r .  (The  i n i t i a l  r e d u c t i o n  p e r i o d ,  c o r r e s p o n d ­
i n g  t o  t h e  f o r m a t i o n  o f  Mn2 0 3  a n d  Mn^O^, o b v i o u s l y  d o e s  
i n v o l v e  t h e  b u i l d - u p  o f  p r o t e c t i v e  l a y e r s  o f  a n d
Mn^O^, a n d  d u r i n g  t h i s  s t a g e  d i f f u s i o n  t h r o u g h  t h e  i n t e r ­
m e d i a t e  o x i d e s  d o e s  p l a y  a  m o s t  i m p o r t a n t  r o l e .  H o w ev e r ,  
t h e  p r e s e n t  c o n c e r n  i s  d i r e c t e d  t o w a r d  t h e  r e d u c t i o n  p r o ­
c e s s  a f t e r  t h e  i n i t i a l  b u i l d - u p  o f  t h e  i n t e r m e d i a t e  o x i d e s
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i s  c o m p l e t e . )  C o n s e q u e n t l y ,  i t  i s  b e s t  t o  a n a l y z e  t h e  
d a t a  i n  a n o t h e r  m a n n e r  a s  w e l l .  I f  d i f f u s i o n  r e s i s t a n c e  
t h r o u g h  t h e  MnO l a y e r  w e r e  s i g n i f i c a n t ,  i t s  i m p o r t a n c e  
w o u ld  i n c r e a s e  a s  more  MnO i s  f o r m e d .  H e n c e ,  t h e  a p p a r e n t  
a c t i v a t i o n  e n e r g y  f o r  r a t e s  a t  a h i g h  l e v e l  o f  c o n v e r s i o n  
w o u ld  be a p p r e c i a b l y  l e s s  t h a n  a t  a l o w e r  l e v e l .  I n  
F i g u r e  23 t h e  r e d u c t i o n  r a t e s  i n  p u r e  h y d r o g e n  a t  45 a n d  
85$ c o n v e r s i o n s  ( o b t a i n e d  by  g r a p h i c a l l y  d i f f e r e n t i a t i n g  
t h e  c o n v e r s i o n - t i m e  c u r v e s )  a r e  p l o t t e d  a g a i n s t  r e c i p r o c a l  
t e m p e r a t u r e .  I n a s m u c h  a s  t h e  tw o  a c t i v a t i o n  e n e r g i e s  a r e  
p r a c t i c a l l y  i d e n t i c a l ,  i t  i s  u n l i k e l y  t h a t  t h e  MnO l a y e r  
p r o v i d e d  a p p r e c i a b l e  r e s i s t a n c e  t o  t h e  d i f f u s i o n  o f  
h y d r o g e n  a n d  w a t e r  v a p o r .  I t  i s  c o n c l u d e d ,  t h e r e f o r e ,  
t h a t  t h e  s i m p l e  r e d u c t i o n  m o d e l  i s  i n  a l l  a s p e c t s  r e a s o n ­
a b l e  a n d  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  d a t a .
The a p p a r e n t  r a t e  c o n s t a n t ,  k ” ,  was c o r r e l a t e d  by  
t h e  f o l l o w i n g  e q u a t i o n :
aPo
k "  = --------- —  ( 2 3 )
1 +  b p H2
The c o e f f i c i e n t s  w e r e  e v a l u a t e d  by f i r s t  c a l c u l a t i n g  t h e  
l e a s t - s q u a r e s  v a l u e s  o f  a  a n d  b a t  a  g i v e n  t e m p e r a t u r e  i n  
t h e  e q u a t i o n
k ’7 pH2 = a -  bk"  ( 2 4 )
E q u a t i o n  ( 2 4 )  i s  m e r e l y  a  r e a r r a n g e m e n t  o f  e q u a t i o n  ( 2 3 ) .  
S e c o n d l y ,  t h e  c o n s t a n t s  a  a n d  b w e r e  f i t t e d  t o  A r r h e n i u s
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FIG. 2 3  HIGH TEMPERATURE ARRHENIUS PLOTS 
AT CONSTANT CONVERSION
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t e m p e r a t u r e  d e p e n d e n c i e s ,  a g a i n  u s i n g  t h e  l e a s t - s q u a r e s  
t e c h n i q u e .  The r e s u l t s  a r e :
a  = 8 . 8 1 X 1 0 3 e x p ( - 3 0 , 7 0 0 / R T )  (mm. Hg- 1 ) ( s e c . - 1 ) ( 2 5 )
b = 1 . 0 1 5 X 1 0 - 2  e x p ( - 2 , 3 0 0 / R T ) (mm. H g - 1 ) ( 2 6 )
The a p p a r e n t  r a t e  c o n s t a n t s  a r e  p l o t t e d  i n  F i g u r e  
24 ;  t h e  c u r v e s  shown w e r e  g e n e r a t e d  f r o m  e q u a t i o n  ( 2 3 ) ,  
u s i n g  a  a n d  b d e f i n e d  by  e q u a t i o n s  ( 2 5 )  a n d  ( 2 6 ) .  B e c a u s e  
t h e  425°C  d a t a  c o v e r e d  o n l y  a  s i n g l e  h y d r o g e n  p a r t i a l  
p r e s s u r e ,  t h e  p o i n t s  a t  t h i s  t e m p e r a t u r e  w e r e  n o t  i n c l u d e d  
i n  e v a l u a t i n g  t h e  c o e f f i c i e n t s .  The 42 5 °C  c u r v e  t h e r e f o r e  
r e p r e s e n t s  a n  e x t r a p o l a t i o n  o f  t h e  r a t e  e x p r e s s i o n .
E q u a t i o n  ( 2 3 )  c o r r e l a t e d  t h e  d a t a  f r o m  3 2 5 °  t o  400°C w i t h  
a n  a v e r a g e  d e v i a t i o n  o f  7 . 0 $ .  The t e m p e r a t u r e  v a r i a t i o n s  
o f  t h e  c o e f f i c i e n t s  a a n d  b a r e  d e p i c t e d  g r a p h i c a l l y  i n  
F i g u r e  2 5 .
I t  w i l l  be  r e c a l l e d  t h a t
k " =  2  (  *«,
|^M n02 x o S
w h e r e  r g” i s  t h e  r a t e  o f  r e a c t i o n  o f  Mn02 ( g . - m o l e s  Mn02
r e d u c e d  p e r  u n i t  a r e a  o f  u n r e a c t e d  o x i d e  p e r  s e c o n d ) .  I f
i t  i s  a s s u m e d  t h a t  t h e  s o l i d - g a s  r e a c t i o n  a t  t h e  i n t e r f a c e  
f o l l o w s  t h e  L a n g m u i r - H i n s h e l w o o d  m o d e l  i n  w h ic h  a d s o r p t i o n  
o f  h y d r o g e n  a n d  w a t e r  i s  p o s t u l a t e d  t o  o c c u r  w i t h o u t  
d i s s o c i a t i o n  a n d  on o n l y  o n e  k i n d  o f  s i t e ,  a n d  i f  t h e
s u r f a c e  r e a c t i o n  i s  a s s u m e d  t o  b e  r a t e - c o n t r o l l i n g ,  i t  c a n
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be shown t h a t
r tt g P H2 (27)s
1 +  KH2 PH2 +  Kh 2 ° Ph 2 °
w h e re
g ( 2 8 )
a n d  k 11 i s  t h e  r e a c t i o n  r a t e  c o n s t a n t  f o r  t h e  s u r f a c e  s
r e a c t i o n ,  C. i s  t h e  c o n c e n t r a t i o n  o f  t o t a l  a c t i v e  s i t e s  '  t
a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t s .  A t  l o w  w a t e r  v a p o r  
c o n c e n t r a t i o n s ,  t h e  r a t e  e x p r e s s i o n  r e d u c e s  t o
H e n c e ,  t h e  e m p i r i c a l  r a t e  e x p r e s s i o n ,  e q u a t i o n  ( 2 3 ) ,  may 
b e  i n t e r p r e t e d  i n  t e r m s  o f  a  L a n g m u i r - H i n s h e l w o o d  m o d e l  
f o r  t h e  i n t e r f a c i a l  s o l i d - g a s  r e a c t i o n .
I f  t h e  L a n g m u i r - H i n s h e l w o o d  m o d e l  i s  r e a l i s t i c ,  t h e  
c o e f f i c i e n t s  i n  e q u a t i o n  ( 2 3 )  s h o u l d  e x h i b i t  t e m p e r a t u r e  
d e p e n d e n c i e s  c o n s i s t e n t  w i t h  t h e  m o d e l .  T h u s ,  t h e  a  
c o e f f i c i e n t  s h o u l d  h a v e  a  p o s i t i v e  a c t i v a t i o n  e n e r g y  w i t h  
a  m a g n i t u d e  c h a r a c t e r i s t i c  o f  a  c h e m i c a l  r e a c t i o n ,  a n d  
t h e  b c o e f f i c i e n t ,  b e i n g  a n  a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t ,  
s h o u l d  h a v e  a  n e g a t i v e  a c t i v a t i o n  e n e r g y .  The a c t i v a t i o n  
e n e r g i e s  o f  t h e  a  a n d  b c o e f f i c i e n t s ,  t o g e t h e r  w i t h  t h e  
95% c o n f i d e n c e  l i m i t s ,  w e r e  d e t e r m i n e d  t o  b e ,  r e s p e c t i v e l y ,  
+  3 0 . 7  ± 5 . 7  k c a l . / m o l e  a n d  + 2 . 3  ± 2 . 4  k c a l . / m o l e .  ( I n
p e r  u n i t  o f  r e a c t i o n  s u r f a c e ,  a n d  K
r n g pH2 ( 2 9 )s
1 +  KH2 PH2
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c a l c u l a t i n g  t h e s e  v a l u e s  by  t h e  l e a s t - s q u a r e s  m e t h o d ,  
e q u a l  w e i g h t  was a s s i g n e d  t o  t h e  a  a n d  b c o e f f i c i e n t s  
a t  e a c h  t e m p e r a t u r e ,  r e g a r d l e s s  o f  t h e  number  o f  e x p e r i ­
m e n t s  on w h ic h  t h e  c o e f f i c i e n t s  w e r e  b a s e d . )  The a c t i v a ­
t i o n  e n e r g y  o f  a  i s  t h u s  e n t i r e l y  c o n s i s t e n t  w i t h  t h e  
p o s t u l a t e d  L a n g m u i r - H i n s h e l w o o d  m o d e l .  I t  i s  d i f f i c u l t  
t o  s t a t e  r e l i a b l y ,  h o w e v e r ,  w h e t h e r  t h e  a c t i v a t i o n  
e n e r g y  o f  t h e  b c o e f f i c i e n t  i s  r e a l l y  p o s i t i v e  o r  n e g a ­
t i v e .  I f  n e g a t i v e ,  t h e  s m a l l  m a g n i t u d e  o f  t h e  a c t i v a t i o n  
e n e r g y  s u g g e s t s  t h a t  t h e  a d s o r p t i o n  i s  p h y s i c a l ,  r a t h e r  
t h a n  c h e m i c a l .  A l t e r n a t i v e l y ,  i f  t h e  a c t i v a t i o n  e n e r g y  
i s  p o s i t i v e ,  t h e  c o r r e l a t i n g  r a t e  e x p r e s s i o n ,  e q u a t i o n  
( 2 3 ) ,  s h o u l d  b e  c o n s i d e r e d  s t r i c t l y  e m p i r i c a l .
The e f f e c t  o f  w a t e r  v a p o r  on t h e  r a t e  o f  r e d u c t i o n  
was e x a m i n e d  a t  3 7 5 ° C .  S e v e r a l  r u n s  w e r e  c o n d u c t e d  w i t h  
h y d r o g e n  c o n t a i n i n g  n o m i n a l  one  a n d  t e n  p e r c e n t  w a t e r  
v a p o r  c o n c e n t r a t i o n s .  The r e s u l t s  h a v e  beeia s u m m a r i z e d  
i n  T a b l e  5 .  A c o n t r o l  e x p e r i m e n t  was  f i r s t  c a r r i e d  o u t  
u s i n g  w a t e r - f r e e  h y d r o g e n  f o r  a  p e r i o d  o f  900 s e c o n d s  
( t o g e t h e r  w i t h  a p p r e c i a b l e  a r g o n  c o n t e n t  d u r i n g  t h e  f i r s t  
700  s e c o n d s  t o  s t a b i l i z e  t h e  t e m p e r a t u r e ) .  At t h e  c o n ­
c l u s i o n  o f  t h i s  t i m e  i n t e r v a l  t h e  r e a c t i o n  t u b e  was 
p u r g e d  w i t h  a r g o n .  The c o n v e r s i o n  was d e t e r m i n e d  t o  be  
2 8 . 9 $  by w a t e r  r e c o v e r y  a n d  2 9 . 4 $  b y  w e i g h t  l o s s .  T h i s  
e x p e r i m e n t  t h u s  shows  t h a t  t h e  h o t  r e d u c t i o n  p r o d u c t  a t
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TABLE 5
EFFECT OF WATER VAPOR ON REDUCTION AT 375°C 
T o t a l  P r e s s u r e  = 800 mm. Hg
I $ W ate r  
V a p o r  i n  
H yd ro g en
$ R e d u c t i o n  A f t e r  900  
S e c o n d s  R e a c t i o n  Time 
( b y  w e i g h t  l o s s )
$  R e d u c t i o n  A f t e r  6200 
S e c o n d s  R e a c t i o n  Time 
( b y  w e i g h t  l o s s )
0 2 9 . 4  (Run 91) 9 4 . 0  (Run 9 5 )
1 . 1 - 7 7 . 1  (Run 9 4 )
9 . 9 2 6 . 2  (Run 92) 5 2 . 2  (Run 93)
2 8 . 9 $  b y  w a t e r  r e c o v e r y  
9 7 . 9 $  b y  w a t e r  r e c o v e r y
N o t e :  P a r t i a l l y  r e d u c e d  s p e c i m e n s  i n  r u n s  93 ,
94 a n d  95 w e re  c o o l e d  t o  room t e m p e r a t u r e  i n  an  
a r g o n  a t m o s p h e r e  p r i o r  t o  r e m o v a l  f r o m  f u r n a c e .
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a  c o n v e r s i o n  o f  a b o u t  3 0 #  ( 3 7 5 ° C )  i s  s t a b l e  u p o n  e x p o s u r e  
t o  a i r .  The e x p e r i m e n t  was t h e n  r e p e a t e d  w i t h  t h e  e x c e p ­
t i o n  t h a t  t h e  h y d r o g e n  ( d i l u t e d  w i t h  a r g o n  d u r i n g  t h e  
f i r s t  700  s e c o n d s ,  a s  i n  t h e  c o n t r o l  e x p e r i m e n t )  c o n t a i n e d  
9 . 9 #  w a t e r  v a p o r .  The  c o n v e r s i o n  f o r  t h i s  r u n  ( a f t e r  900  
s e c o n d s )  was 2 6 . 2 # ,  b a s e d  on w e i g h t  l o s s .  ( B e c a u s e  o f  t h e  
l a r g e  a m o u n t  o f  w a t e r  i n  t h e  f e e d  s t r e a m ,  c o n v e r s i o n  c o u l d  
n o t  be  d e t e r m i n e d  b y  w a t e r  r e c o v e r y  w i t h  a n y  d e g r e e  o f  
p r e c i s i o n . )  C o n s e q u e n t l y ,  t h e  w a t e r  v a p o r  d i d  n o t  a p p r e ­
c i a b l y  h i n d e r  t h e  s t a r t  o f  t h e  r e d u c t i o n  p r o c e s s ,  n o r  d i d  
i t  h a v e  much e f f e c t  on  t h e  v e r y  r a p i d  i n i t i a l  r e d u c t i o n  
r a t e .
The i n f l u e n c e  o f  w a t e r  v a p o r  a t  h i g h e r  l e v e l s  o f  
c o n v e r s i o n ,  i . e . ,  b e y o n d  t h e  h i g h  i n i t i a l  r a t e  p e r i o d ,  was 
a l s o  i n v e s t i g a t e d .  I n  a  s e c o n d  w a t e r - f r e e  c o n t r o l  e x p e r i ­
m e n t  ( r u n  9 5 )  a t  3 7 5 °C t h e  c o n v e r s i o n  a f t e r  6200  s e c o n d s  
was  f o u n d  t o  be  9 7 . 9 #  by  w a t e r  r e c o v e r y .  The r e d u c t i o n  
p r o d u c t  was c o o l e d  t o  room  t e m p e r a t u r e  i n  a r g o n  b e f o r e  i t  
was r e m o v e d  f r o m  t h e  f u r n a c e  i n  o r d e r  t o  m i n i m i z e  r e ­
o x i d a t i o n .  I m m e d i a t e l y  t h e r e a f t e r ,  t h e  w e i g h t  o f  t h e  p r o d ­
u c t  was d e t e r m i n e d ,  a n d  t h e  c o n v e r s i o n  b a s e d  on w e i g h t  l o s s  
was d e t e r m i n e d  t o  b e  9 4 . 0 # .  A p p a r e n t l y ,  t h e  r e d u c e d  s p e c i ­
men s t i l l  p i c k e d  u p  som e  o x y g e n  u p o n  a t m o s p h e r i c  e x p o s u r e ;  
h o w e v e r ,  t h e  9 4 . 0  a n d  9 7 . 9 #  r e d u c t i o n  f i g u r e s  w e r e  c o n s i d e r e d  
t o  b e  i n  c l o s e  e n o u g h  a g r e e m e n t  t o  p e r m i t  t h e  c o n v e r s i o n  t o
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be  e s t i m a t e d  by w e i g h t  l o s s  a l o n e .  T h e r e f o r e ,  tw o  a d d i ­
t i o n a l  r u n s  (n u m b e rs  93 a n d  9 4 )  w e r e  c o n d u c t e d  u s i n g  
h y d r o g e n  s t r e a m s  w i t h  n o m i n a l  o n e  a n d  t e n  p e r c e n t  w a t e r  
v a p o r  c o n c e n t r a t i o n s .  E x c e p t  f o r  t h e  w a t e r  c o n t e n t ,  
t h e s e  r u n s  w e re  c a r r i e d  o u t  u n d e r  c o n d i t i o n s  i d e n t i c a l  t o  
t h e  d r y  h y d r o g e n  c o n t r o l  r u n ,  a l l  p r o d u c t s  b e i n g  c o o l e d  
t o  room t e m p e r a t u r e  i n  a r g o n .  T a b l e  5 shows t h a t  t h e  
c o n v e r s i o n  d e c r e a s e d  f r o m  t h e  9 4 . 0 #  d r y  h y d r o g e n  f i g u r e  
t o  7 7 . 1 #  f o r  t h e  1 . 1 #  w a t e r  r u n  a n d  t o  5 2 . 2 #  f o r  t h e  9 . 9 #  
w a t e r  r u n .  I n  t e r m s  o f  t h e  a p p a r e n t  r a t e  c o n s t a n t ,  t h e s e  
d a t a  i n d i c a t e  t h a t  ( a t  3 7 5 °C,  t o t a l  p r e s s u r e  o f  800  mm.
Hg) o n e  p e r c e n t  m o i s t u r e  i n  t h e  h y d r o g e n  s t r e a m  w i l l  
d e c r e a s e  t h e  r e d u c t i o n  r a t e  a p p r o x i m a t e l y  45 # ,  w h i l e  t e n  
p e r c e n t  m o i s t u r e  w i l l  d e c r e a s e  t h e  r a t e  a p p r o x i m a t e l y  
7 5 # .  I n a s m u c h  a s  t h e s e  f i g u r e s  a r e  b a s e d  on o n l y  one  
c o n v e r s i o n  a t  e a c h  o f  tw o  w a t e r  v a p o r  l e v e l s ,  t h e y  s h o u l d  
b e  i n t e r p r e t e d  a s  so m ew h a t  c r u d e  e s t i m a t e s .  N e v e r t h e l e s s ,  
t h e s e  d a t a  c l e a r l y  show t h a t  w a t e r  v a p o r  s e v e r e l y  r e t a r d s  
t h e  r e d u c t i o n  r a t e  a t  c o n v e r s i o n s  a b o v e  a p p r o x i m a t e l y  3 0 # .
The l a r g e  r e t a r d i n g  e f f e c t  o f  w a t e r  v a p o r  i s  p r o b a b l y  
t h e  m a in  c a u s e  f o r  t h e  v a r i a t i o n  o f  t h e  o b s e r v e d  r a t e  w i t h  
b ed  d e p t h  ( F i g u r e  2 1 ) .  As t h e  b e d  d e p t h  i s  i n c r e a s e d ,  t h e  
a v e r a g e  w a t e r  v a p o r  c o n c e n t r a t i o n  i n  t h e  bed  w ou ld  a l s o  
i n c r e a s e ,  t h u s  c a u s i n g  t h e  r a t e  t o  d e c r e a s e .
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The s t r o n g  i n h i b i t i n g  e f f e c t  o f  w a t e r  v a p o r  i s  
c o n s i s t e n t  w i t h  t h e  p r e m i s e  t h a t  t h e  r e d u c t i o n  p r o c e s s  
i s  c o n t r o l l e d  by  t h e  c h e m i c a l  r e a c t i o n  s t e p .  The l a r g e  
r e t a r d a t i o n  c a u s e d  by  r e l a t i v e l y  s m a l l  p e r c e n t a g e s  o f  
w a t e r  v a p o r  i s  a p p a r e n t l y  d u e  t o  a d s o r p t i o n  o f  w a t e r  on 
a c t i v e  r e a c t i o n  s i t e s  a t  t h e  s o l i d - g a s  r e a c t i o n  i n t e r f a c e .
I t  was d e s i r a b l e  t o  d e t e r m i n e  w h e t h e r  t h e  k i n e t i c  
d a t a  c o u l d  be  r e a s o n a b l y  w e l l  e x t r a p o l a t e d  t o  h i g h e r  
t e m p e r a t u r e s  w h ic h  w o u ld  b e  m o re  a p p l i c a b l e  t o  i n d u s t r i a l  
p r a c t i c e  an d  w h e r e  r e d u c t i o n  t i m e s  on  t h e  o r d e r  o f  one 
o r  two  m i n u t e s  w o u ld  be  e n c o u n t e r e d .  S i n c e  t h e  v e r t i c a l -  
t u b e  f u r n a c e  was c o n s t r u c t e d  o f  P y r e x ,  t h e  r u n s  ab o v e  
425°C w e re  c o n d u c t e d  i n  t h e  h o r i z o n t a l - t u b e  f u r n a c e  u s i n g  
a  Vycor  c o m b u s t i o n  t u b e .  I n  o r d e r  t o  m a i n t a i n  t e m p e r a t u r e  
c o n t r o l  d u r i n g  t h e  i n i t i a l  h i g h  r e d u c t i o n  r a t e  p e r i o d ,  t h e  
s a m p l e s  w e r e  p r e r e d u c e d  t o  a p p r o x i m a t e l y  12$ r e d u c t i o n  a t  
3 2 5°C .  The f u r n a c e  was t h e n  p u r g e d  w i t h  a r g o n  w h i l e  t h e  
t e m p e r a t u r e  was r a i s e d  t o  t h e  d e s i r e d  l e v e l .  H y drogen  
f l o w  was a g a i n  i n i t i a t e d  a f t e r  t h e  f u r n a c e  had  l e v e l e d  
o u t  a t  t h e  p r o p e r  t e m p e r a t u r e .  I n  t h e s e  r u n s  no a t t e m p t  
was made t o  d e t e r m i n e  t h e  r e l a t i v e  i m p o r t a n c e  o f  n o n i s o -  
t h e r m a l  e f f e c t s  o r  d i f f u s i o n a l  r e s i s t a n c e s .  S e v e r a l  
c o n v e r s i o n - t i m e  c u r v e s  w e r e  s i m p l y  g e n e r a t e d ,  and  f rom  
t h e s e  d a t a  t h e  r e a c t i o n  t i m e s  r e q u i r e d  t o  a c h i e v e  95$ 
r e d u c t i o n  t o  MnO w ere  e s t i m a t e d .  B e c a u s e  o f  t h e  r a p i d
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r e d u c t i o n  r a t e s ,  a s  f e w  a s  t h r e e  p o i n t s  w e r e  o b t a i n e d  t o  
d e f i n e  a  c o n v e r s i o n - t i m e  c u r v e .  S i n c e  t h e  s a m p l e s  w e r e  
p r e r e d u c e d  a t  a  l o w e r  t e m p e r a t u r e ,  t h e  c o n v e r s i o n  c u r v e s  
a t  t h e  t e m p e r a t u r e  o f  i n t e r e s t  h a d  t o  b e  e x t r a p o l a t e d  t o  
z e r o  c o n v e r s i o n ;  f u r t h e r m o r e ,  some a l l o w a n c e  h a d  t o  b e  m ade  
f o r  t h e  t i m e  r e q u i r e d  t o  p u r g e  t h e  r e a c t o r  o f  a r g o n .  As 
a  r e s u l t ,  t h e  r e a c t i o n  t i m e s  d e d u c e d  f r o m  t h e s e  d a t a  a r e  
c r u d e  c o m p ar ed  t o  t h e  l o w e r  t e m p e r a t u r e  d a t a  g e n e r a t e d  on  
t h e  v e r t i c a l - t u b e  f u r n a c e ;  h o w e v e r ,  t h e y  a r e  e s t i m a t e d  t o  
b e  c o r r e c t  w i t h i n  2 0 % .  T h e  r e a c t i o n  t i m e s  a r e  p l o t t e d  on 
F i g u r e  2 6 .  I t  w i l l  be  o b s e r v e d  t h a t  t h e  v e r t i c a l - t u b e  
f u r n a c e  d a t a  f a l l  on  a  s t r a i g h t  l i n e ,  a s  w o u ld  b e  p r e d i c t e d  
f r o m  e q u a t i o n s  ( 2 1 )  a n d  ( 2 2 ) ,  a s  l o n g  a s  k "  f o l l o w s  a n  
A r r h e n i u s  r e l a t i o n s h i p .  E x t r a p o l a t i o n  o f  t h e  l o w e r -  
t e m p e r a t u r e  d a t a  i n d i c a t e s  t h a t  t h e  r e d u c t i o n  t i m e  a t  
500°C s h o u l d  b e  so m ew h a t  l e s s  t h a n  a  m i n u t e  a n d  a  h a l f .
The h o r i z o n t a l - t u b e  d a t a ,  on  t h e  o t h e r  h a n d ,  sh o w  t h a t  t h e  
r e d u c t i o n  t i m e  a t  t h i s  t e m p e r a t u r e  i s  i n  e x c e s s  o f  t h r e e  
m i n u t e s .  The d i s c r e p a n c y  i s  p r o b a b l y  due  t o  s e v e r e  d i f -  
f u s i o n a l  and  w a t e r  r e t a r d a t i o n  r e s i s t a n c e s  i n  t h e  h o r i z o n t a l -  
t u b e  f u r n a c e ;  i n  t h i s  a r r a n g e m e n t  t h e  o x i d e  i s  c l e a r l y  
r e s t r i c t e d  f ro m  f r e e  a c c e s s  t o  h y d r o g e n .  As t h e  t e m p e r a t u r e  
i s  d e c r e a s e d ,  t h e  d a t a  f r o m  t h e  tw o  f u r n a c e s  a p p e a r  t o  
m e r g e ,  a s  w ou ld  b e  e x p e c t e d .
I t  i s  c o n c l u d e d  t h a t ,  f o r  e n g i n e e r i n g  p u r p o s e s ,  
e x t r a p o l a t i o n  o f  t h e  l o w e r  t e m p e r a t u r e  d a t a  t o  t e m p e r a t u r e s
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O SAM PLE P L A C ED  IN 
NICKEL B A S K E T  IN 
VERTICAL T U B E  
F U R N A C EZ 100
□  S A M P L E  P L A C E D  IN 
ALUNDUM B O A T  IN 
H O R IZ O N T A L  TUBE 
F U R N A C E .
REDUCTION OF  
GRANULES OF Mn 0 2
1 0 0 %  HYDROGEN 
TOTAL P R E S S U R E  
A PPRO X  8 0 0  m m  Hg
1.000
FIG. 26  REDUCTION TIME -  TEMPERATURE RELATIONSHIP
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a s  h i g h  a s  500°C d o e s  n o t  seem  u n r e a s o n a b l e  a s  l o n g  a s  
o t h e r  r e s i s t a n c e  l i m i t a t i o n s  a r e  t a k e n  i n t o  a c c o u n t .  T h a t  
i s  t o  s a y ,  i t  i s  u n l i k e l y  t h a t  t h e  i n t r i n s i c  k i n e t i c s  
u n d e r g o  a  m a j o r  t r a n s i t i o n  b e t w e e n  4 0 0 °  a n d  500°C ( a s  d o e s  
o c c u r  i n  t h e  2 5 0 °  -  3 2 5 °C  r a n g e ) .
I n  a  r e d u c t i o n  e x p e r i m e n t  c o n d u c t e d  a t  a n  a p p a r e n t  
t e m p e r a t u r e  o f  600°C  ( w i t h  no  p r e r e d u c t i o n  a t  l o w e r  t e m p e r ­
a t u r e ) ,  t , i e  s a m p l e  d e c o m p o s e d  a l m o s t  c o m p l e t e l y  t o  s t o i c h i ­
o m e t r i c  d u r i n g  t h e  s h o r t  p e r i o d  r e q u i r e d  t o  . c h a r g e
t h e  r e a c t o r  and  s t a b i l i z e  t h e  t e m p e r a t u r e .  The MnO r e d u c ­
t i o n  p r o d u c t  fo r m e d  a t  t h i s  t e m p e r a t u r e  was s t a b l e  i n  a i r  
a n d  r e t a i n e d  i t s  c h a r a c t e r i s t i c  g r e e n  a p p e a r a n c e .  L i k e w i s e ,  
a  s a m p l e  r e d u c e d  a t  7 0 0 °C  was f o u n d  t o  be  s t a b l e .  T h i s  
i s  i n  c o n t r a s t  t o  t h e  p r o d u c t s  f o r m e d  a t  t e m p e r a t u r e s  o f  
500°C  a n d  l o w e r ,  w h e r e  some r e - o x i d a t i o n  o f  t h e  MnO was 
a l w a y s  e x p e r i e n c e d .  F o r  e x a m p l e ,  a t  a  r e a c t i o n  t e m p e r a t u r e  
o f  4 2 5 ° C ,  t h e  g r e e n  MnO p r o d u c t  t u r n e d  a  v e r y  d i s t i n c t  
b r o w n - b l a c k  c o l o r  a f t e r  t h e  r e a c t i o n  t u b e  was o p e n e d ,  a n d  
t h e  f i n a l  c o n v e r s i o n ,  b a s e d  on w e i g h t  l o s s ,  was o n l y  9 3 $ .
I t  a p p e a r s ,  t h e n ,  t h a t  a  r e d u c t i o n  t e m p e r a t u r e  on t h e  
o r d e r  o f  a t  l e a s t  600°C i s  r e q u i r e d  t o  p r o d u c e  a n  MnO 
p r o d u c t  w h ic h  i s  s t a b l e  i n  a i r .
R e d u c t i o n  o f  a  P y r o l u s i t e  O re
S e v e r a l  r u n s  w e r e  c o n d u c t e d  w i t h  s a m p l e s  o f  t h e  
B e l g i a n  Congo p y r o l u s i t e  o r e .  F low  r a t e s  o f  5 . 0  s t a n d a r d
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c u b i c  f e e t  p e r  h o u r  a n d  p a r t i c l e s  i n  t h e  s i z e  r a n g e  o f  
0 . 0 9  t o  0 . 2 1  mm. w e r e  u s e d .  The c o n v e r s i o n - t i m e  d a t a  h a v e  
b e e n  p l o t t e d  i n  F i g u r e  2 7 .  A l t h o u g h  t h e  e f f e c t s  o f  f l o w  
r a t e ,  p a r t i c l e  s i z e ,  e t c . ,  w e r e  n o t  i n v e s t i g a t e d ,  a  
c o m p a r i s o n  o f  t h e  o r e  r e d u c t i o n  d a t a  w i t h  t h o s e  i n  F i g u r e  
19 i n d i c a t e s  t h a t  n o n i s o t h e r m a l  a n d  g a s  d i f f u s i o n a l  
e f f e c t s  w e re  p r o b a b l y  n e g l i g i b l e .
The o r e  s a m p l e s  r e a c t e d  c o n s i d e r a b l y  f a s t e r  t h a n  d i d  
t h e  s y n t h e t i c  p y r o l u s i t e  s p e c i m e n s  a t  a l l  c o n d i t i o n s  
i n v e s t i g a t e d .  F o r  e x a m p l e ,  a t  2 7 5 ° C ,  t h e  o r e  was r e d u c e d  
t o  a p p r o x i m a t e l y  4 2 #  c o m p l e t i o n  i n  15 m i n u t e s  i n  p u r e  
h y d r o g e n ,  w h i l e  t h e  s y n t h e t i c  p y r o l u s i t e  r e d u c e d  t o  o n l y  
10#  c o m p l e t i o n  d u r i n g  t h e  same p e r i o d .
I t  was d i f f i c u l t  t o  m a i n t a i n  t e m p e r a t u r e  s t a b i l i t y  
a b o v e  275°C ( e v e n  when t h e  i n i t i a l  h y d r o g e n  s t r e a m  was 
d i l u t e d  w i t h  a r g o n ) .  F o r  t h i s  r e a s o n  t h e  325°C r u n  was 
p r e r e d u c e d  t o  50#  c o n v e r s i o n  a t  2 7 5 ° C .
I n  one r u n ,  a  s i n g l e  8 . 5 - g r a m  lump o f  t h e  o r e  was 
r e d u c e d ,  f i r s t  t o  2 . 8 #  c o n v e r s i o n  a t  2 2 5 °C ,  a n d  t h e n  t o  
9 . 3 #  c o n v e r s i o n  a t  2 5 0 ° C ;  f i n a l l y ,  t h e  r e a c t i o n  was 
c o n t i n u e d  a t  3 0 0 °C .  A rg o n  was p a s s e d  t h r o u g h  t h e  r e a c t i o n  
t u b e  w h i l e  t h e  t e m p e r a t u r e  was r a i s e d  f r o m  one l e v e l  t o  
a n o t h e r .






























1. TOTAL P R E S S U R E  =  8 0 0  mm Hg
2 .  SOLID  C U R V ES: 0 . 0 9 - 0 . 2 1  m m  
G R A N U L E S
3 .  DASHED CURVE: S IN G L E  8 . 5  g 
LUMP O F O R E (ARROW  INDICATES 
T E M P E R A T U R E  CH A N GE).
2 5 0 ° C
3  4  5
TIM E, S E C O N D S  X I 0 " 3
FIG. 2 7  REDUCTION OF A BELGIAN CONGO PYROLUSITE ORE
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The o r e  d a t a  q u a l i t a t i v e l y  e x h i b i t e d  r e d u c t i o n  
c h a r a c t e r i s t i c s  s i m i l a r  t o  t h o s e  o f  t h e  s y n t h e t i c  Mn0 2 »
I t  w i l l  be  o b s e r v e d  f r o m  F i g u r e  27 t h a t  t h e  r e a c t i o n  r a t e  
was r e l a t i v e l y  h i g h  i n  t h e  0 t o  4 0 %  r e d u c t i o n  r a n g e .  
T h e r e a f t e r ,  a  r a t h e r  s h a r p  d e c l i n e  i n  t h e  r a t e  was e x p e ­
r i e n c e d .  S i m i l a r  c u r v e s  w e r e  o b t a i n e d  f o r  t h e  s y n t h e t i c  
s a m p l e s  ( F i g u r e  8 ) .
D a t a  on  t h e  s y n t h e t i c  p y r o l u s i t e  h a v e  i n d i c a t e d  t h a t  
t h e  t r a n s i t i o n  f r o m  l o w -  t o  h i g h - t e m p e r a t u r e  r e g i m e ,  a n d  
t h e  i n t e r s e c t i o n  o f  r e d u c t i o n  c u r v e s  i n  F i g u r e  8 ,  a r e  
c a u s e d  by  t h e  i n t e r m e d i a t e  Mn^O^ o x i d e  b e c o m i n g  p r o g r e s ­
s i v e l y  m ore  p r o t e c t i v e  a s  t h e  t e m p e r a t u r e  i s  r a i s e d .  
B e c a u s e  o f  t h e  much h i g h e r  r e d u c t i o n  r a t e  o f  t h e  o r e  a n d  
t h e  r e s u l t i n g  t e m p e r a t u r e  i n s t a b i l i t y  d u r i n g  t h e  i n i t i a l  
r e d u c t i o n  p e r i o d ,  i t  was n o t  p o s s i b l e  t o  g e n e r a t e  o r e  
d a t a  i n  t h e  r e g i o n  w h e r e  s u c h  a t r a n s i t i o n  w o u ld  b e  
e x p e c t e d  t o  b e  m o s t  e v i d e n t  ( l o w  c o n v e r s i o n  r a n g e  a b o v e  
2 7 5 ° C ) .  N e v e r t h e l e s s ,  t h e  o r e  r e d u c t i o n  d a t a  w h i c h  w e r e  
o b t a i n e d  do s u g g e s t  t h a t  d i f f u s i o n a l  r e s i s t a n c e s  i n  t h e  
o x i d e  become s i g n i f i c a n t  a s  t h e  r e d u c t i o n  p r o c e e d s .  T h i s  
i s  e v i d e n t  f r o m  t h e  A r r h e n i u s  p l o t s  i n  F i g u r e  2 8 ,  w h e r e  
t h e  r e d u c t i o n  r a t e s  a t  c o n s t a n t  l e v e l s  o f  c o n v e r s i o n  h a v e  
b e e n  p l o t t e d .  I t  i s  s e e n  t h a t  t h e  a p p a r e n t  a c t i v a t i o n  
e n e r g i e s  d e c r e a s e  f r o m  2 8 . 1  t o  2 1 . 2  t o  1 7 . 5  k c a l . / m o l e  
a t  c o n v e r s i o n s  o f ,  r e s p e c t i v e l y ,  1 0 ,  4 0 ,  a n d  60$?. A 
p r o g r e s s i v e  d e c r e a s e  i n  a c t i v a t i o n  e n e r g y  w o u ld  be
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a n t i c i p a t e d  i f  a  p r o d u c t  l a y e r  c o n t r i b u t e s  s i g n i f i c a n t  
r e s i s t a n c e  t o  t h e  c o u n t e r d i f f u s i o n  o f  a n d  H2 O t o  a n d  
f r o m  t h e  r e a c t i o n  i n t e r f a c e .  A t  8 0 $  c o n v e r s i o n ,  w h e r e  
p r e s u m a b l y  t h e  p r i m a r y  s o l i d - g a s  r e a c t i o n  i n v o l v e s  t h e  
r e d u c t i o n  o f  Mn-jO^ t o  MnO, t h e  a c t i v a t i o n  e n e r g y  i s  o n c e  
a g a i n  h i g h e r ,  n a m e l y  2 3 . 2  k c a l . / m o l e .
The low  a n d  h i g h  c o n v e r s i o n  a c t i v a t i o n  e n e r g i e s  f o r  
t h e  o r e  com pare  r e a s o n a b l y  w e l l  w i t h  t h e  a c t i v a t i o n  
e n e r g i e s  c a l c u l a t e d  f o r  t h e  s y n t h e t i c  s a m p l e s  ( a p p r o x i ­
m a t e l y  22 t o  30 k c a l . / m o l e )  o v e r  s o m ew h a t  d i f f e r e n t  
t e m p e r a t u r e  r a n g e s .
The r e a s o n  f o r  t h e  f a s t e r  r a t e  o f  r e d u c t i o n  o f  t h e  
o r e  s p e c i m e n s  c o m p a r e d  t o  t h e  s y n t h e t i c  s a m p l e s  was n o t  
u n e q u i v o c a l l y  e s t a b l i s h e d .  I m p u r i t i e s  i n  t h e  o r e  u n ­
d o u b t e d l y  p l a y  some r o l e ;  i t  i s  a l s o  l i k e l y  t h a t  t h e  o r e  
was  c o n s i d e r a b l y  m o re  p o r o u s  a n d  c o n s e q u e n t l y  c o n t a i n e d  
m o re  s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n .




The f o l l o w i n g  c o n c l u s i o n s  may b e  d r a w n  f r o m  t h e  r e s u l t s  
a n d  d i s c u s s i o n  i n  C h a p t e r  V.
1 .  The r e d u c t i o n  o f  s y n t h e t i c  p y r o l u s i t e  w i t h  h y d r o g e n  
p r o c e e d e d  t h r o u g h  t h e  s e q u e n c e  Mn02 -5* Mn2 0 3 Mn3 0 4  MnO. 
B e low  250°C t h e  p a r t i a l l y  r e d u c e d  p r o d u c t s  c o n s i s t e d  p r i m a ­
r i l y  o f  a m i x t u r e  o f  MnO£ a n d  Mn^O^, w i t h  some Mn2 0 3 . I n  
t h i s  r e g i o n  MnO was n o t  d e t e c t e d ,  a n d  t h e  r e a c t i o n  p r a c t i ­
c a l l y  t e r m i n a t e d  w i t h  t h e  f o r m a t i o n  o f  Mn3 0 ^ .  Above 250°C  
t h e  Mn3 0^ becam e p r o g r e s s i v e l y  m o re  p r o t e c t i v e  a n d  t h e  
r e d u c t i o n  o f  Mn3 0^ t o  MnO b e c a m e  a p p r e c i a b l e .  Above  a p p r o x ­
i m a t e l y  300°C a l l  f o u r  o x i d e s  w e r e  d e t e c t e d  i n  t h e  p a r t i a l l y  
r e d u c e d  p r o d u c t s ,  a l t h o u g h  t h e  Mn02 a n d  MnO p h a s e s  w e r e  
u s u a l l y  t h e  m a j o r  c o m p o n e n t s .  The k i n e t i c  d a t a  w e r e  c o n ­
v e n i e n t l y  s e p a r a t e d  i n t o  tw o  t e m p e r a t u r e  r e g i m e s .
2 .  L o w - T e m p e r a t u r e  R e g i m e .  The r e d u c t i o n  o f  s i n g l e  
p o r o u s  p e l l e t s  a n d  s m a l l  b e d s  o f  p o r o u s  p a r t i c l e s  was i n v e s ­
t i g a t e d .  Q u a n t i t a t i v e  k i n e t i c  d a t a  w e r e  o b t a i n e d  u n d e r  
c o n d i t i o n s  w h ic h  m i n i m i z e d  b o u n d a r y - l a y e r  a n d  p o r e - d i f f u s i o n  
r e s i s t a n c e s .  C o n c l u s i o n s  s p e c i f i c  t o  t h i s  r e g i m e  f o l l o w .
( a )  The r e a c t i o n  p r a c t i c a l l y  s u b s i d e d  w i t h  t h e  f o r m a ­
t i o n  o f  Mn30 ^ ;  a r e d u c t i o n  p r o d u c t  s t a b l e  i n  a i r  a n d  
c o n s i s t i n g  o f  a p p r o x i m a t e l y  90% Mn3 0^ c o u l d  be  f o r m e d
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a t  2 5 0 ° C .
( b )  The a p p a r e n t  a c t i v a t i o n  e n e r g y  a t  a h y d r o g e n  p r e s ­
s u r e  o f  800 mm. Hg f o r  t h e  p e l l e t s  a n d  p a r t i c l e s  w a s ,  
r e s p e c t i v e l y ,  2 6 . 8  a n d  2 2 . 2  k c a l . / m o l e  i n  t h e  r a n g e  o f  
2 0 0 °  t o  2 4 0 °C .
( c )  The r e d u c t i o n  r a t e  i n c r e a s e d  n o n l i n e a r l y  w i t h  
h y d r o g e n  p a r t i a l  p r e s s u r e  a t  2 2 6 °C .
( d )  The r e d u c t i o n  r a t e  a t  226°C  was s h a r p l y  r e t a r d e d  
by t h e  a d d i t i o n  o f  w a t e r  v a p o r  t o  t h e  h y d r o g e n  s t r e a m .
( e )  The e x p e r i m e n t a l  d a t a  f o r  t h e  p e l l e t s  w e r e  c o r ­
r e l a t e d  w i t h  a c o r e  r e a c t i o n  m o d e l ,  i n  w h i c h  t h e  r e d u c ­
t i o n  p r o c e s s  was c o n s i d e r e d  t o  a p p r o x i m a t e  t h e  s y s t e m  
Mn0 2 ( c o r e ) - M n 3 0 4 ( p r o d u c t  l a y e r ) ,  w i t h  a n  i n t e r m e d i a t e  
l a y e r  o f  Mi^O^ o f  n e g l i g i b l e  t h i c k n e s s .  The s o l i d -
g as  r e a c t i o n  was p o s t u l a t e d  t o  o c c u r  o n l y  a t  t h e  Mn2 0 . j /  
Mn^O^ i n t e r f a c e ,  a n d  t h e  M nC ^ -^M n^O ^  r e a c t i o n  was 
a ssu m ed  t o  p r o c e e d  by a  s o l i d - s t a t e  d i f f u s i o n  p r o c e s s .  
The s o l i d - g a s  r e a c t i o n  a t  t h e  Mn^O^/Mn^O^ i n t e r f a c e  
was t a k e n  a s  t h e  r a t e - c o n t r o l l i n g  s t e p .  C o n c l u s i o n s
( a )  t h r o u g h  ( d )  a r e  c o n s i s t e n t  w i t h  t h i s  m o d e l  and  
w i t h  t h e  c o n c e p t  t h a t  t h e  s o l i d - g a s  r e a c t i o n  i n v o l v e s  
a d s o r p t i o n  o f  H2 , s u r f a c e  r e a c t i o n ,  a n d  d e s o r p t i o n  o f  
HgO, w i t h  t h e  s u r f a c e  r e a c t i o n  b e i n g  t h e  s l o w e s t  s t e p .
3 .  H i g h - T e m p e r a t u r e  R e g i m e .  The r e d u c t i o n  o f  s m a l l  
b e d s  o f  p a r t i c l e s  was i n v e s t i g a t e d .  Q u a n t i t a t i v e  r a t e  d a t a  
w e r e  o b t a i n e d  u n d e r  c o n d i t i o n s  w h e r e  b o u n d a r y - l a y e r  and
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p o r e - d i f f u s i o n  r e s i s t a n c e s  w e r e  m i n i m i z e d .  C o n c l u s i o n s  
s p e c i f i c  t o  t h i s  r e g i m e  f o l l o w .
( a )  Above a p p r o x i m a t e l y  3 0 0 ° C ,  t h e  r e d u c t i o n  was
c h a r a c t e r i z e d  by  a  v e r y  h i g h  i n i t i a l  r a t e ;  t h i s  was
a t t r i b u t e d  t o  a  r a p i d  b u i l d - u p  o f  l a y e r s  o f  ^n^O^ an<*
M n , 0 . .  The Mn_0. becam e p r o t e c t i v e  a n d  was i t s e l f  j  4 3 4
f u r t h e r  r e d u c e d  t o  MnO i n  t h i s  t e m p e r a t u r e  r e g i m e .
( b )  The a p p a r e n t  a c t i v a t i o n  e n e r g y  a t  c o n v e r s i o n s
a b o v e  20$ and  i n  t h e  t e m p e r a t u r e  r a n g e  o f  3 25°  t o  425°C
was a p p r o x i m a t e l y  26 t o  30 k c a l . / m o l e .  T h i s  a g r e e s
w e l l  w i t h  t h e  24 k c a l . / m o l e  a c t i v a t i o n  e n e r g y  r e p o r t e d  
( 3 4 )by C h u fa ro v  a t  h y d r o g e n  p r e s s u r e s  g e n e r a l l y  l o w e r  
t h a n  t h o s e  i n v e s t i g a t e d  i n  t h i s  w o r k .
( c )  The r e d u c t i o n  r a t e s  a t  c o n v e r s i o n s  a b o v e  20$ 
i n c r e a s e d  n o n l i n e a r l y  w i t h  h y d r o g e n  p a r t i a l  p r e s s u r e  
i n  t h e  r a n g e  o f  3 2 5 °  t o  4 2 5 °C .
( d )  The r e d u c t i o n  r a t e  a t  375°C  ( a f t e r  t h e  i n i t i a l  
b u i l d - u p  o f  Mi^O^ a n d  Mn^O^) was s h a r p l y  r e t a r d e d  by 
t h e  a d d i t i o n  o f  w a t e r  v a p o r  t o  t h e  h y d r o g e n  s t r e a m .
( e )  The e x p e r i m e n t a l  d a t a  a b o v e  20$ c o n v e r s i o n  w ere  
c o r r e l a t e d  w i t h  a c o r e  r e a c t i o n  m o d e l ,  i n  w h ic h  t h e  
r e d u c t i o n  p r o c e s s  was c o n s i d e r e d  t o  a p p r o x i m a t e  t h e  
s y s t e m  Mn0 2 ( c o r e ) - M n 0 ( p r o d u c t  l a y e r ) ,  w i t h  i n t e r m e d i a t e  
l a y e r s  o f  Mn2 ® 3  anc* Mn3 ^4  n e g l i g i b l e  t h i c k n e s s .
The s o l i d - g a s  r e a c t i o n  was p o s t u l a t e d  t o  o c c u r  o n ly  
a t  t h e  Mn^O^/MnO i n t e r f a c e ,  a n d  t h e  MnjO^ — >  Mn30^  a n d
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M n O j - ^ M n ^ O ^  r e a c t i o n s  w e r e  a s s u m e d  t o  p r o c e e d  by  s o l i d -  
s t a t e  d i f f u s i o n a l  p r o c e s s e s .  The  s o l i d - g a s  r e a c t i o n  
a t  t h e  Mn^O^/MnO i n t e r f a c e  w as  t a k e n  a s  t h e  r a t e - c o n t r o l ­
l i n g  s t e p .  C o n c l u s i o n s  ( a )  t h r o u g h  ( d )  a r e  c o n s i s t e n t  
w i t h  t h i s  m o d e l  a n d  w i t h  t h e  c o n c e p t  t h a t  t h e  s o l i d -  
g a s  r e a c t i o n  i n v o l v e s  a d s o r p t i o n  o f  Hg, s u r f a c e  r e a c t i o n ,  
a n d  d e s o r p t i o n  o f  B^O, w i t h  t h e  s u r f a c e  r e a r r a n g e m e n t  
b e i n g  t h e  s l o w e s t  s t e p .
4 .  R e d u c t i o n  d a t a  on  a  B e l g i a n  Congo p y r o l u s i t e  o r e  
sh o w e d  c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  s y n t h e t i c  p y r o l u s i t e  
r e d u c t i o n  d a t a .  The  a p p a r e n t  a c t i v a t i o n  e n e r g i e s  a t  a  
h y d r o g e n  p r e s s u r e  o f  800  mm. Hg v a r i e d  f r o m  a p p r o x i m a t e l y  
18 t o  28 k c a l . / m o l e ,  d e p e n d i n g  on  t h e  e x t e n t  o f  c o n v e r s i o n .
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CHAPTER V I I  
RECOMMENDATIONS
At t e m p e r a t u r e s  a b o v e  5 0 0 ° C  p y r o l u s i t e  r a p i d l y  
d e c o m p o s e s  t o  f o r m  Mn^O^, a n d  a s  a. r e s u l t ,  Mn0 2  i s  
v i r t u a l l y  e l i m i n a t e d  a s  t h e  s t a b l e  s t a r t i n g  o x i d e  f o r  
t h e  r e d u c t i o n  p r o c e s s .  I n  v i e w  o f  t h i s  i t  would  be  o f  
c o n s i d e r a b l e  i n t e r e s t  t o  i n i t i a t e  e x p e r i m e n t a l  s t u d i e s  
i n  tw o  r e l a t e d  a r e a s :
( 1 ) .  The k i n e t i c s  o f  d e c o m p o s i t i o n  o f  p y r o l u s i t e .
( 2 ) .  The h i g h - t e m p e r a t u r e  r e d u c t i o n  k i n e t i c s  o f
Mn2 °3*
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NOMENCLATURE 
A a p p a r e n t  f r e q u e n c y  f a c t o r  
a ,  b c o e f f i c i e n t s  d e f i n e d  by  e q u a t i o n s  (2 5 )  a n d  ( 2 6 )
Ct  c o n c e n t r a t i o n  o f  a c t i v e  s i t e s  p e r  u n i t  a r e a  
Ea a p p a r e n t  a c t i v a t i o n  e n e r g y
g c o e f f i c i e n t  d e f i n e d  by  e q u a t i o n  (2 8 )
a d s o r p t i o n  e q u i l i b r i u m  c o n s t a n t  o f  c o m p o n e n t  i  
K c h e m i c a l  r e a c t i o n  e q u i l i b r i u m  c o n s t a n t
k a p p a r e n t  r e a c t i o n  r a t e  c o n s t a n t
k g r e a c t i o n  r a t e  c o n s t a n t  f o r  s u r f a c e  r e a c t i o n
m o le s  o f  s o l i d  i  
P i  p a r t i a l  p r e s s u r e  o f  c o m p o n e n t  i
R g a s  c o n s t a n t
r s r a t e  o f  r e a c t i o n  o f  s o l i d  p e r  u n i t  a r e a  o f  r e a c t i o n  s u r f a c e  
T t e m p e r a t u r e
t  t i m e
x Q o r i g i n a l  e d g e  l e n g t h  o f  c u b e  i n  r e a c t i o n  m o d e l  
x  cube  e d g e  l e n g t h  o f  u n r e a c t e d  c o r e  i n  r e a c t i o n  m o d e l  
Z f r a c t i o n a l  c o n v e r s i o n  o f  s o l i d  r e a c t a n t
0 r e a c t i o n  t i m e  f o r  c o m p l e t e  c o n v e r s i o n  ( c h e m i c a l  r e a c t i o n  
c o n t r o l l i n g  p r o c e s s )
©i r e a c t i o n  t i m e  f o r  c o m p l e t e  c o n v e r s i o n  ( b o u n d a r y - l a y e r  
t r a n s p o r t  c o n t r o l l i n g  p r o c e s s )
© 2  r e a c t i o n  t i m e  f o r  c o m p l e t e  c o n v e r s i o n  ( a s h - d i f f u s i o n  
c o n t r o l l i n g  p r o c e s s )
P i  m o l a r  d e n s i t y  o f  s o l i d  i
* s u p e r s c r i p t  d e n o t i n g  l o w - t e m p e r a t u r e  r e g i m e  
n s u p e r s c r i p t  d e n o t i n g  h i g h - t e m p e r a t u r e  r e g i m e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
119
APPENDIX I :  X-RAY DATA
TABLE 1 - 1
X-RAY DIFFRACTION PATTERNS OF PYROLUSITE
T h i s  Work G l e m s e r ^ ^ ^  M c M u r d i e ^ ^
( s y n t h e t i c  s a m p l e )  ( s y n t h e t i c  s a m p l e )  ( C a u c a s i a  s a m p l e )
d
3 . 0 9 VS
0
1 8 . 8
d
3 . 0 2 S+
e
1 8 . 0
d
3 . 1 3 VS
2 . 3 9 S 2 3 . 8 2 . 4 0 M 2 3 . 7 2 . 4 1 M
2 . 1 8 W 2 6 . 2 2 . 1 9 VW 2 6 . 2 2 . 1 9 W
2 . 1 0 M 2 7 . 2 2 . 1 2 M- 2 7 . 1 2 . 1 2 M
1 . 9 6 W 3 7 . 0 1 . 6 1 S 2 9 . 2 1 . 9 8 W
1 . 6 2 S 3 8 . 8 1 . 5 5 M 3 6 . 5 1 .6 3 M
1 . 5 5 M 3 8 . 4 1 . 5 6 M
1 . 4 4  W
1 . 3 9  W 
1 . 3 0  S
S o r e m ^ ® )  M o o r e ^ ^  M c M u r d i e ^ ^
( n a t u r a l  s a m p l e )  ( s y n t h e t i c  s a m p l e )  ( E g y p t i a n  s a m p l e )
^ / ^ m a x d V-^max 0 d
3 . 4 8 . 1 3 . 1 1 1 . 0 1 8 . 2 3 . 0 9 VS
3 . 1 4 1 . 0 2 . 4 1 . 6 2 3 . 7 2 . 4 1 M+
2 . 4 1 .5 2 . 2 0 . 2 2 6 . 0 2 . 2 1 W
2 . 2 1 . 1 2 . 1 1 . 2 2 7 . 1 2 . 1 2 M
2 . 1 3 .25 1 . 9 8 . 1 2 9 . 3 1 . 9 8 W
1 . 9 8 .1 5 1 . 6 2 . 9 3 6 . 7 1 . 6 2 M+
1 . 8 1 »G5? 1 . 5 6 . 2 3 8 . 4 1 . 5 6 W
1 . 6 3 .5 1 . 4 4 . 1
1 . 5 6 .25 1 . 3 9 . 2
1 . 3 0  . 4
NOTES:
( 1 ) .  I n t e n s i t y  d e s i g n a t i o n s :  VW, v e r y  w eak ;  W,
w e ak ;  M, m ed ium ;  S ,  s t r o n g ;  VS, v e r y  s t r o n g .
( 2 ) .  The G le m s e r  a n d  M cM urd ie  d a t a  a r e  p r e s e n t e d  
i n  t h e  l i t e r a t u r e  i n  g r a p h i c a l  f o r m .  T h e s e  d a t a  w e r e  
c o n v e r t e d  f r o m  t h e  a n g l e ,  0 , t o  t h e  d v a l u e  t a b u l a t i o n s  
by  t h e  p r e s e n t  a u t h o r .
( 3 ) .  The 0 v a l u e s  a r e  t h e  a n g l e s  o f  d i f f r a c t i o n  a n d  
a r e  r e l a t e d  t o  t h e  d v a l u e s  s h o w n  b y  t h e  B r a g g  e q u a t i o n ,
d = A / 2  s i n ( 0 ) ,  
w h e r e  A =  w a v e l e n g t h  o f  Fe K o c  r a d i a t i o n  ( 1 . 9 3 6 A ) .
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TABLE 1 - 2
X-RAY PATTERNS OBTAINED FOR OXIDE STANDARDS
•M- * *  ~MnO M1 1 3 O4  3
d d d
2 . 5 6 5 M 4 . 9 1 W 4 . 7 0 VVW
2 . 2 2 6 S 3 . 0 9 M- 3 . 8 4 w
1 . 5 7 5 S - 2 . 8 8 VW 2 . 7 2 s +
1 . 3 4 W 2 . 7 7 5 M+ 2 . 5 1 M+
1 . 2 8 3 M- 2 . 4 9 5 S 2 . 3 5 M-
1 . 1 1 1 W 2 . 3 6 W 2 . 2 2 VVW
1 . 0 2 W 2 . 0 3 w 2 . 1 0 VVW
0 . 9 9 3 5 M 1 . 8 3 VW 2 . 0 1 W
1 . 8 0 w 1 . 8 4 5 W
1 . 7 0 VW 1 . 7 1 9 VVW
1 . 6 4 vvw 1 . 6 6 4 M
1 . 5 8 w 1 . 6 1 5 VVW
1 . 5 4 M 1 . 5 2 8 VW
1 . 4 7  5 VVW 1 . 4 8 7 VVW
1 . 4 4 w 1 . 4 5 2 w
P a t t e r n  i s  s u b s t a n t i a l l y  i n  a g r e e m e n t  w i t h  t h a t  
o f  m a n g a n o s i t e  a s  g i v e n  by S w a n s o n ,  e t  a l . w l )
* * P a t t e r n  i s  s u b s t a n t i a l l y  i n  a g r e e m e n t  w i t h  t h a t  
o f  h a u s m a n n i t e  a s  g i v e n  by H a n a w a l t ,  e t  a l . ( l ° '
* * * P a t t e r n  i s  i d e n t i c a l  t o  t h a t  o f  p a r t r i d g e i t e  a s  
a s  g i v e n  by  S w a n s o n ,  e t  a l . w 2 J
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APPENDIX II
The n u m e r i c a l  d a t a  f o r  a l l  r e d u c t i o n  e x p e r i m e n t s  
h a v e  b een  s u m m a r i z e d .  A l i s t i n g  o f  t h e  r u n s  i s  g i v e n  i n  
T a b l e  I I - l ,  a n d  t h e  c o n v e r s i o n  a n d  o t h e r  p e r t i n e n t  d a t a  
f o r  each  e x p e r i m e n t  a r e  g i v e n  i n  T a b l e  I I - 2 .
S y n t h e t i c  p y r o l u s i t e  s p e c i m e n s  a r e  i d e n t i f i e d  by 
t h e  d e s i g n a t i o n s  g i v e n  i n  T a b l e  1 o f  t h e  t e x t .  I n  t h o s e  
c a s e s  where  t h e  o x i d e  was c o m p r e s s e d  i n t o  a  p e l l e t ,  t h e  
l e t t e r  ’’ P1' ( i n  p a r e n t h e s e s )  was  a d d e d  t o  t h e  d e s i g n a t i o n .  
The B e l g i a n  Congo p y r o l u s i t e  w i t h  a  p a r t i c l e  s i z e  r a n g e  
o f  0 . 0 9  t o  0 . 2 1  mm. was d e s i g n a t e d  ’’C l” , a n d  t h e  n C2" a n d  
n C3” d e s i g n a t i o n s  w e re  a s s i g n e d  t o ,  r e s p e c t i v e l y ,  s i n g l e  
5 and  8 g ram lumps o f  t h e  o r e .  The P y r e x  v e r t i c a l - t u b e  
r e a c t o r  h a s  b een  i d e n t i f i e d  by  *»Vn , t h e  V ycor  h o r i z o n t a l -  
t u b e  r e a c t o r ,  by ,,H, t .
I n  t h e  e a r l y  r u n s  u s i n g  t h e  h o r i z o n t a l - t u b e  r e a c t o r ,  
n a m e ly  r u n s  96 t h r o u g h  1 0 6 ,  t h e  c o n t r o l  a n d  m e a s u r i n g  
t h e r m o c o u p l e s  w ere  p l a c e d  n e a r  t h e  e x t e r n a l  s u r f a c e  o f  t h e  
25 mm. d i a m e t e r  Vycor  t u b e .  I t  l a t e r  became a p p a r e n t  t h a t  
t h i s  a r r a n g e m e n t  was n o t  s a t i s f a c t o r y  f o r  a c c u r a t e  t e m p e r ­
a t u r e  c o n t r o l .  The t h e r m o c o u p l e s  w e r e ,  t h e r e f o r e ,  p l a c e d  
i n s i d e  t h e  r e a c t i o n  t u b e  ( i n  a  s h i e l d )  i n  t h e  m anner  
shown i n  F i g u r e  5 ,  a n d  t h e  e s s e n t i a l  r u n s  w ere  r e p e a t e d .

















TABLE I I - l  
LISTING OF EXPERIMENTAL RUNS
Run
No.
O x i d e
S p e c i m e n
R e a c t o r Temp.
( ° C )
R e d u c i n g
Gas
R em ark s
1 - 1 0 _ E q u i p m e n t  c h e c k - o u t
11 A 5 ( P ) V 350 1 0 0 #  h 2 R a p i d  t e m p e r a t u r e  e s c a l a t i o n
12 A 5 ( P ) V 200 It T e m p e r a t u r e  m a n u a l l y  c o n t r o l l e d
13 A 5 ( P ) V 250 II T e m p e r a t u r e  m a n u a l l y  c o n t r o l l e d
14 A 5 ( P ) V 250 It T e m p e r a t u r e  m a n u a l l y  c o n t r o l l e d
15 A4 V 250 It T e m p e r a t u r e  c o n t r o l l e r  i n s t a l l e d
16 A4 V 250 t t
17 - - - - E q u i p m e n t  c h e c k - o u t
18 - - - - E q u i p m e n t  c h e c k - o u t
19 A4 V 2 50 1 0 0 #  h 2
20 A4 V 250 t t
21 - - - - E q u i p m e n t  c h e c k - o u t
22 A4 V 250 1 0 0 #  h 2
23 A3 V 250 tt
24 - - - - E q u i p m e n t  c h e c k - o u t
25 A1 V 250 1 0 0 #  h 2
26 A1 V 250 tl
27 - - - - E q u i p m e n t  c h e c k - o u t
28 A 5 ( P ) V 250 1 0 0 #  Ho
29 A2 V 250 t t
30 b2 V 250 t t
31 B2 V 300 t t
32 B2 V 350 tt R a p i d  t e m p e r a t u r e  e s c a l a t i o n
33 B2 V 201 tt
34 B2 V 265 tt
35 B2 V 315 t t
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Run O x id e R e a c t o r Temp. R e d u c i n g
No. S p e c i m e n ( ° C ) Gas
6 4 B 6 ( P ) V 2 2 6 1 0 0 #  h 2
6 5 B 6 ( P ) V 2 2 6 7 5 . 2 #  Ho
6 6 B5 V 3 7 5 1 0 0 #  h 2
6 7 B5 V 3 7 5 tv
6 8 B5 V 3 7 5 7 5 . 2 #  H2
6 9 B5 V 3 7 5 5 3 . 4 #  H2
7 0 B5 V 3 7 5 2 4 . 9 #  H 2
7 1 B2 V 3 7 5 1 0 0 #  h 2
7 2 B2 V 2 7 5 tt
7 3 B2 V 3 2 5 tt
7 4 B4 V 4 0 0 2 4 . 9 #  H2
7 5 B4 V 3 5 0 tt
7 6 B4 V 4 2 5 9 . 7 3 #  Ho
7 7 B4 V 4 2 5 tt *
7 8 B2 V 4 2 5 tt
7 9 B2 V 4 2 5 tt
8 0 B2 V 4 2 5 tt
8 1 B 4 V 4 2 5 tt
8 2 £4 V 4 0 0 tt8 3 B4 V 4 0 0 1 0 0 #  h 2
8 4 B 4 V 3 2 5 5 3 . 4 #  H2
8 5 B4 V 3 5 0 tt
8 6 B2 V 2 5 0 1 0 0 #  h 2
8 7 B3 V 3 7 5 9 . 7 3 #  H2
8 8 B 6 ( P ) V 2 2 6 9 0 . 1 #  H2
8 9 B 6 ( P ) V 2 2 6 9 8 . 9 #  H9
9 0 B 6 ( P ) V 2 2 6 it
9 1 B l V 3 7 5 1 0 0 #  h 2
92 B 1 V 3 7 5 9 0 . 1 #  Ho
9 3 B3 V 3 7 5 tt z
(Continued)
R em arks
S p e c i m e n  i n c o r r e c t l y  p o s i t i o n e d  i n  r e a c t o r
R e d u c i n g g a s c o n t a i n e d 9 . 9 #
R e d u c i n g g a s c o n t a i n e d 1 . 1 #
R e d u c i n g g a s c o n t a i n e d 1 . 1 #
R e d u c i n g g a s c o n t a i n e d 9 . 9 #

















TABLE I I - l
Run O x i d e  R e a c t o r  Temp. R e d u c i n g

















110 B l H
111 Cl H
112 C l H
113 B l H
114 B l H




119 C l V
120 C l V
121 Cl V
122 C3 V
123 C l V
( ° c ) Gas
375 9 8 . 9 $  H
375 1 0 0 $  h 2
3 2 5 / 4 7 0 1 0 0 $  h 2
3 2 5 / 4 7 0 it
3 2 5 / 4 9 0 tt
3 2 5 / 5 2 5 tt
3 2 5 / 5 2 5 tt
3 2 5 / 5 2 5
3 2 5 / 4 9 0 tt
3 2 5 / 5 7 0 tt
550 A r g o n
4 0 0 1 0 0 $  h 2
4 50 9 . 7 3 $  H
3 2 5 / 4 2 5 1 00 $  h 2
3 2 5 / 4 5 0 tt
3 2 5 / 5 0 0 tt
3 2 5 / 5 0 0 tt
325 1 0 0 $ h 2
440 tt
600 1 0 0 $  h 2
7 00 tt
7 0 0 A r g o n




2 7 5 / 3 2 5 tt
225 tt
5 / 2 5 0 / 3 0 0  »
300 9 . 7 3 $  H
(Continued)
R em arks
R e d u c i n g  g a s  c o n t a i n e d  1 . 1 $  H2 O
P r e r e d u c e d  t o  a p p r o x i m a t e l y  20 -  25  %  
c o n v e r s i o n  a t  3 2 5 ° C .  T e m p e r a t u r e s  a t  
s e c o n d  s t a g e  o f  r e d u c t i o n  a r e  a p p r o x i m a t e  
( p r o b a b l y  p l u s  o r  m i n u s  2 0 ° C ) .
D e c o m p o s i t i o n  r u n
R a p i d  t e m p e r a t u r e  e s c a l a t i o n
P r e r e d u c e d  t o  a p p r o x i m a t e l y  1 2 $  c o n v e r s i o n  
a t  325°C
R a p i d  t e m p e r a t u r e  e s c a l a t i o n  
R a p i d  t e m p e r a t u r e  e s c a l a t i o n  
No k i n e t i c  d a t a .  Runs c o n d u c t e d  t o  i n ­
v e s t i g a t e  s t a b i l i t y  o f  MnO p r o d u c t  
D e c o m p o s i t i o n  r u n  
T e m p e r a t u r e  u n s t a b l e  d u r i n g  r u n  
R a p i d  t e m p e r a t u r e  e s c a l a t i o n
P r e r e d u c e d  t o  5 0 $  c o n v e r s i o n  a t  275°C 
I n i t i a l  r e d u c t i o n  a t  225°C
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TABLE I I - 2  
EXPERIMENTAL REDUCTION DATA
RUN 11
3 5 0 ° C ;  100/S H2  F i n a l  $  r e d u c t i o n  ( t o
MnO),  B a s e d  on w a t e r  
F lo w  r a t e :  3 . 0  c u . f t . / h r .  r e c o v e r y  was  9 8 $ .
S p e c i m e n  A 5 ( P )  ( 1 . 5 0 9 1  g .  )
Comments :  T e m p e r a t u r e  c o u l d  n o t  b e  c o n t r o l l e d .  S am p le
r e d u c e d  t o  MnO i n  s e v e r a l  m i n u t e s .
RUN 12
2 0 2 °C;  100 $  H2  T ime $  R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
5 9 0  0 . 5 8
S p e c i m e n  A 5 ( P )  ( 1 . 4 9 2 7  g . )  1 , 9 7 0  1 . 3 9
3 , 9 5 0  2 . 0 5
C om m ents :  T e m p e r a t u r e  8 , 6 3 5  6 . 6 6
c o n t r o l l e d  m a n u a l l y .  1 3 , 5 8 0  1 2 . 3 6
F i n a l  $  r e d u c t i o n  b a s e d  1 7 , 3 0 0  1 6 . 8
on w e i g h t  l o s s  was 2 3 . 0 $ .  2 0 , 7 2 0  2 0 . 9
2 2 , 5 0 0  2 4 . 5
RUN 1 3
2 5 0 ° C ;  100 $  H2  T im e  $ R e d u c t i o n
( s e c .  ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
6 0 0  3 . 3
S p e c i m e n  A 5 (P )  ( 1 . 4 4 9 5  g . )  1 , 3 3 5  2 0 . 0
2 , 1 4 0  3 3 . 7
C om m ents :  T e m p e r a t u r e  2 , 8 8 5  4 0 . 6
c o n t r o l l e d  m a n u a l l y .  4 , 0 8 0  4 8 . 9
F i n a l  $ r e d u c t i o n  b a s e d  5 , 2 6 5  5 5 . 6
on w e i g h t  l o s s  was 6 3 . 8 $ .  6 , 2 6 0  5 9 . 0
8 , 1 8 0  6 2 . 2
1 0 , 1 2 0  6 5 . 1




2 5 0 ° C ;  100$ H2  Time $  R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
600 4 . 6
S p e c i m e n  A 5 (P )  ( 1 . 4 9 2 5  g . )  1 , 3 1 0  2 9 . 5
2 , 1 4 0  4 1 . 8
Comments :  T e m p e r a t u r e  2 , 8 8 0  4 8 . 4
c o n t r o l l e d  m a n u a l l y .  4 , 0 8 0  5 4 . 2
F i n a l  $ r e d u c t i o n  b a s e d  5 , 2 6 5  5 8 . 1
on w e i g h t  l o s s  was 70 . .2$  6 , 2 6 0  6 0 . 4
8 , 1 9 0  6 3 .0
1 0 . 4 0 0  6 4 .8
1 2 , 8 7 0  6 6 . 4
1 6 . 4 0 0  6 8 . 6
2 0 . 5 4 0  7 0 . 6
RUN 15
2 5 0 ° C ;  100$ H2  Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
600  2 . 5 4
S p e c i m e n  A4 ( 1 . 4 3 9 2  g . )  1 , 2 2 0  7 . 0 2
1 , 9 5 0  1 2 . 4
Comments :  T e m p e r a t u r e  2 , 5 9 0  1 8 . 4
c o n t r o l l e r  i n s t a l l e d  p r i o r  3 , 6 3 0  2 7 . 2
t o  t h i s  r u n .  F i n a l  $ 5 , 5 8 0  4 3 .5
r e d u c t i o n  b a s e d  on w e i g h t  6 , 0 2 0  4 6 . 5
l o s s  was 6 6 . 8 $ .  7 , 0 8 0  5 4 . 0
7 , 8 0 7  5 7 . 3
8 , 9 8 0  6 1 . 4
1 0 , 2 4 0  6 4 . 1
1 1 , 4 6 0  6 5 . 4
1 4 . 5 4 0  6 7 .2
1 8 , 6 8 0  68 .9 ^
2 0 , 6 0 0  6 9 . 0




2 5 0 ° C ; 100$ H9 Time $ R e d u c t i o
( s e c . ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
600 2 . 2 4
S p e c i m e n  A4 ( 1 . 4 4 6 5  g . ) 1 , 2 0 0 7 . 3 4
1 , 8 0 0 1 2 . 1
Comments :  F i n a l  $ 2 , 5 2 0 1 8 . 6
r e d u c t i o n  B ased  on w e i g h t 3 , 5 0 0 2 8 . 2
l o s s  was 6 6 . 0 $ . 4 , 6 2 0 3 8 . 1
5 , 5 6 0 4 5 . 4
6 , 8 5 0 5 3 . 7
7 , 8 9 0 5 7 . 8
8 , 8 4 0 6 0 . 5
1 0 , 5 4 0 6 3 . 5
1 3 , 5 2 0 6 5 . 9
1 4 , 7 0 0 6 6 . 2
RUN 19
2 5 0 ° C ;  100$ H* Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
600 1 . 5 0
S p e c im e n  A4 ( 2 . 9 1 5 4 g . ) 1 , 2 3 0 6 . 2 8
2 , 0 0 0 1 2 . 0
Comments :  F i n a l  $ 2 , 5 6 0 1 6 . 6
r e d u c t i o n  b a s e d  on w e i g h t 3 , 6 9 0 2 6 . 2
l o s s  was 6 4 . 9 $ . 4 , 6 9 0 3 4 . 8
5 , 6 6 0 4 2 . 5
6 , 6 4 0 4 9 . 4
7 , 9 0 0 5 5 . 8
8 , 6 8 0 5 8 . 7
9 , 6 4 0 6 1 . 2
1 0 , 9 3 0 6 3 . 6
1 4 , 2 7 0 6 6 . 7




2 5 0 ° C ; 100# H9 Time #  R e d u c t i o n
9 i t ( s e c . ) ( t o  MnO)
F l o w  r a t e :  3 . 0  c u . f t . / h r .
600 2 . 7
S p e c i m e n  A4 ( 1 . 0 0 7 8  g . ) 1 , 3 2 0 8 . 1
2 , 2 0 0 1 4 . 8
Comments :  R e d u c t i o n  p r o d u c t
s p i l l e d  u p o n  r e m o v a l  f r o m
r e a c t o r .
RUN 22
2 5 0 ° C ;  100# H„ Time # R e d u c t i o n
7 L ( s e c . ) ( t o  MnO)
F l o w  r a t e :  3 . 0  c u . f t . / h r .
640 2 . 2 0
S p e c i m e n  A4 ( 0 . 8 6 7 4  g . ) 1 , 3 8 0 8 . 0 3
2 , 1 9 0 1 4 . 7
Comments :  F i n a l  #  r e d u c t i o n 3 , 0 0 0 2 1 . 7
b a s e d  on w e i g h t  l o s s  was 4 , 2 8 0 3 2 . 4
3 2 . 5 # .
RUN 23
2 5 0 ° C ; 100# H 0 Time # R e d u c t i o n
9 4* ( s e c . ) ( t o  MnO)
F l o w  r a t e :  3 . 0  c u . f t . / h r .
630 2 . 0 4
S p e c i m e n  A3 ( 0 . 9 9 4 9  g . ) 1 , 2 2 0 6 . 1 2
2 , 0 4 0 1 2 . 3 3
Comments :  F i n a l  #  r e d u c t i o n 2 , 8 9 0 1 9 . 3
b a s e d  on w e i g h t  l o s s  was 3 , 8 1 0 2 8 . 0
6 3 . 2 # . 4 , 8 4 0 3 7 . 5
5 , 9 9 2 4 7 . 3
7 , 2 2 0 5 5 . 7
8 , 4 9 0 6 1 . 7
1 0 , 2 9 0 6 6 ,  3
1 1 , 1 3 0 6 7 . 4




2 5 0 ° C ;  100$ H2 Time %  R e d u c t i o n
( s e c .  ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
650  2 . 2 6
S p e c i m e n  A1 ( 1 . 4 9 3 3  g . )  1 , 2 4 0  6 . 0 0
1 , 9 0 0  1 0 . 7
Comments:  F i n a l  %  r e d u c t i o n  2 , 5 0 0  1 5 . 8
by w e i g h t  l o s s  was 6 4 . 1 $ ,  a n d  3 , 4 9 0  2 5 . 1
by  c h e m i c a l  a n a l y s i s  ( f o r  4 , 4 8 0  3 4 . 9
a v a i l a b l e  o x y g e n )  was 6 4 . 8 $ .  5 , 6 5 0  4 5 . 4
6 , 6 8 0  5 2 . 7
7 , 7 8 0  5 8 . 5
8 , 6 7 0  6 1 . 4
9 . 9 4 0  6 4 . 7
1 0 , 8 6 0  6 6 . 2
RUN 26
2 5 0 ° C ;  100$  H2  Time $ R e d u c t i o n
( s e c . )  ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
600  1 . 2 6
S p e c i m e n  A1 ( 1 . 4 9 5 9  g . )  1 , 2 5 0  5 . 0 4
1 , 9 3 0  9 . 6 0
Comments:  F i n a l  $  r e d u c t i o n  2 , 5 6 0  1 4 . 6 2
by w e i g h t  l o s s  was 6 2 . 2 $ .  3 , 4 2 0  2 2 . 6
4 , 1 9 0  2 9 . 8
4 , 9 8 0  3 6 . 9
6 , 2 8 0  4 7 . 6
7 , 1 3 0  5 3 . 1
7 . 9 4 0  5 6 . 8
8 , 7 6 0  5 9 . 6
1 0 , 0 5 0  6 2 . 8




2 5 0 ° C ;  10056 H9 Time $ R e d u c t io :
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u .  f t . / h r .
650 5 .4 7
S p e c i m e n  A 5 ( P )  ( 1 . 5 0 9 5  g . ) 1 , 3 8 5 2 1 . 7
1 , 9 4 5 3 1 .2
Comments :  F i n a l  $ r e d u c t i o n 2 , 6 6 0 4 0 . 7
B a s e d  on w e i g h t  l o s s  was 3 , 2 7 0 4 6 .5
6 4 . 9 $ . 4 , 1 7 0 5 3 . 2
4 , 9 8 5 5 7 .2
6 , 0 0 0 6 0 .4
6 , 9 9 0 6 2 . 8
7 , 9 0 5 6 4 . 5
9 , 5 4 5 6 6 . 1
1 0 , 7 7 0 6 6 . 8
RUN 29
2 5 0 ° C ;  100$  H0 Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u .  f t . / h r .
600 1 . 2 5
S p e c i m e n  A2 ( 1 . 6 2 4 5  g . ) 1 , 3 8 0 6 . 7 4
2 , 1 2 0 1 2 .5 2
Comments :  F i n a l  $ r e d u c t i o n 2 , 9 0 0 1 9 . 8 2
b a s e d  on w e i g h t  l o s s  was 3 , 6 1 0 2 6 . 8
6 5 . 5 $ .  P r i o r  t o  r u n ,  s a m p l e 4 , 6 5 0 3 6 . 0
was p r e h e a t e d  i n  a i r  a t 5 , 4 4 0 4 4 . 4
345°C  f o r  two h o u r s . 6 , 3 6 0 5 1 .5
7 , 4 2 0 5 7 . 6
8 , 7 7 0 6 2 . 6
1 0 , 9 7 0 6 6 . 3




2 5 0 ° C ;  100# H9 Time # R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
600 1 . 3 2
S p e c im e n  U2 ( 1 . 5 4 1 8  g . ) 1 , 2 5 0 5 . 0 8
1 , 8 1 0 8 . 3 7
Comments:  F i n a l  # r e d u c t i o n 2 , 5 9 0 1 3 . 0 1
b a s e d  on w e i g h t  l o s s  was 3 , 3 7 0 1 8 . 0 2
6 3 . 5 # . 4 , 3 0 5 2 5 . 1
5 , 2 6 0 3 3 . 1
6 , 0 6 0 3 9 . 9
6 , 9 4 0 4 6 .8
7 , 8 6 0 5 2 . 8
8 , 8 3 0 5 7 . 3
1 0 , 0 0 0 6 0 . 9
1 1 , 8 7 0 6 4 . 0
RUN 31
3 0 0 ° C ; 100#  H9 Time # R e d u c t i o n
it
Flow  r a t e :  3 . 0  c u . f t . / h r .
( s e c . ) ( t o  MnO)
335 5 . 7 1
S p e c im e n  b2 ( 1 . 9 4 9 2  g . ) 610 1 1 . 9 2
910 1 7 . 5 6
Comments :  F i n a l  # r e d u c t i o n 1 , 3 0 5 2 3 . 9
b a s e d  on w e i g h t  l o s s  was 1 , 8 5 5 3 0 . 4
6 8 . 8 # . 2 , 5 5 0 3 5 . 5
2 , 9 5 0 3 7 . 8
3 , 7 5 0 4 1 . 2
4 , 4 8 0 4 3 . 7
5 , 7 0 0 4 7 . 0
6 , 9 1 0 4 9 . 9
8 , 4 6 0 5 3 . 3
1 1 , 7 0 0 5 9 . 8
1 3 , 9 5 0 6 3 . 6
1 7 , 1 5 0 6 8 . 3
1 9 , 7 1 0 7 1 . 2




3 5 0 ° C ;  100 #  H2
F l o w  r a t e :  3 . 0  c u . f t . / h r .
S p e c i m e n  & 2  ( 1 . 8 9 4 0  g . )
Time 
( s e c . )
# R e d u c t i o n  
( t o  MnO)
1 0 0 . 2#
Comments :  R a p i d  t e m p e r a t u r e  e s c a l a t i o n .  S p e c im e n
r e a c t e d  t o  MnO i n  s e v e r a l  m i n u t e s .  F i n a l  # r e d u c t i o n
B a s e d  on w e i g h t  l o s s  was  101 . 8 # .
RUN 33
2 0 l ° C ;  1 0 0 #  H2 Time # R e d u c t i o n1 m ( s e c .  ) ( t o  MnO)
F lo w  r a t e s  3 . 0  c u . f t . / h r .
3 , 5 7 0 0 . 9 4
S p e c i m e n  & 2  ( 3 . 0 4 2 2  g . ) 5 , 9 8 0 1 . 9 9
7 ,  960 3 . 0 0
C om m ents :  F i n a l  # r e d u c t i o n 1 0 , 9 8 0 4 . 6 4
B a s e d  on w e i g h t  l o s s  was 1 5 , 1 7 0 6 . 9 6
3 3 . 1 # . 2 3 , 1 1 0 1 1 . 7 0
2 7 , 0 7 0 1 4 . 2 4
3 3 , 2 8 0 1 9 . 0 8
3 7 , 2 3 0 2 2 . 6  -
4 1 , 2 9 0 2 6 . 6
4 5 , 0 0 0 3 0 . 1
4 9 , 6 0 0 3 4 . 8
5 0 , 6 5 0 3 5 . 6
RUN 34'
2 6 5 ° C ;  100#  H2 Time # R e d u c t i o n
( s e c . ) ( t o  MnO)
F l o w  r a t e :  3 . 0  c u . f t . / h r .
525 2 . 0 7
S p e c i m e n  & 2  ( 1 . 8 9 2 1  g . ) 1 , 2 8 0 8 . 3 9
1 , 6 5 0 1 2 .0 7
Comments :  F i n a l  #  r e d u c t i o n 2 , 1 1 0 1 6 . 6 2
B a s e d  on w e i g h t  l o s s  was 2 , 6 7 0 2 2 . 9
6 6 • 8 # . 3 , 2 5 0 3 0 . 2
3 , 8 0 0 3 6 . 8
4 , 3 5 0 4 2 . 7
5 , 1 7 5 4 9 . 6
6 , 0 5 0 5 4 . 3
7 , 0 0 0 5 7 . 8
8 , 3 8 0 6 0 .7
9 , 6 8 0 6 2 . 5
1 4 , 1 8 0 6 6 . 5
1 5 , 9 8 0 6 7 . 8




31 5 °C ;  1 0 0 #  H2  Time # R e d u c t i o n
( s e c . )  ( t o  MnO)
F l o w  r a t e :  6 . 0  c u . f t . / h r .
600 1 5 . 7 8
S p e c i m e n  % 2  ( 0 . 9 5 4 7  g . )  1 , 2 0 0  2 5 . 3
2 , 0 1 5  3 2 . 5
3 , 0 5 0  3 8 . 6
4 , 1 0 0  4 3 . 8
5 , 7 5 0  5 0 . 2
7 , 6 5 0  5 6 . 6
1 0 , 2 5 0  6 3 . 6
Comments :
( 1 ) .  F i n a l  #  r e d u c t i o n  B a s e d  on  w e i g h t  l o s s  was 5 8 . 3 # .  
P r o d u c t  p r o b a b l y  p i c k e d  u p  oxygen  u p o n  e x p o s u r e  t o  
a t m o s p h e r e .
( 2 ) .  R e d u c t i o n  p r o d u c t  was  s t o r e d  i n  a i r  ( d e s i c c a t o r )  
a t  room t e m p e r a t u r e  f o r  48  h o u r s .  No o x i d a t i o n  
o c c u r r e d  d u r i n g  t h i s  p e r i o d  a s  r e v e a l e d  by 
n e g l i g i b l e  w e i g h t  i n c r e a s e .
( 3 ) .  The p r o d u c t  was t h e n  h e a t e d  i n  a i r  a t  1 2 0 ° - 1 4 0 ° C  
f o r  tw o  h o u r s ,  c o o l e d ,  a n d  w e i g h e d .  A w e i g h t  
i n c r e a s e  was o b s e r v e d ;  t h e  c o r r e s p o n d i n g  ” # r e d u c ­
t i o n ” a t  t h i s  p o i n t  was 5 5 . 7 # ,  i n d i c a t i n g  t h a t  
a p p r e c i a b l e  o x i d a t i o n  o c c u r r e d  d u r i n g  t h e  tw o  
h o u r  h e a t i n g  p e r i o d .
RUN 36
3 1 5 ° / 3 5 0 ° C ;  100#  H2 Time # R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
1 , 0 0 0 2 1 . 4
S p e c i m e n  B2  ( 1 . 0 2 0 6  g . ) 2 , 0 5 0 3 0 . 8
3 , 0 6 0 3 7 . 1 315°C
Com m ents :  S p e c i m e n  p r e ­ 4 , 4 4 0 4 3 . 9
r e d u c e d  t o  5 0 . 6 #  a t  3 1 5 ° C . 6 , 1 7 5 5 0 .  6
R e a c t o r  was p u r g e d  w i t h 1 0 , 4 1 5 5 1 . 9
a r g o n  d u r i n g  t h e  p e r i o d 1 1 , 0 2 0 5 7 . 1
617 5  t o  1 0 , 1 0 0  s e c .  w h i l e 1 1 , 9 5 0 6 5 . 1
f u r n a c e  t e m p e r a t u r e  was 1 3 , 0 5 0 7 1 . 8
r a i s e d  t o  3 5 0 °C .  The f i n a l 1 4 , 0 5 0 7 7 . 1 350°C
#  r e d u c t i o n  b a s e d  on w e i g h t 1 5 , 2 0 0 8 2 . 3
l o s s  was 7 5 . 0 # .  P r o d u c t 1 6 , 7 5 0 8 7 . 9
p a r t i a l l y  o x i d i z e d  u p o n 1 8 , 5 3 0 9 2 . 6
c o n t a c t  w i t h  a i r . 2 1 , 0 0 0 9 6 . 2




F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c i m e n  ^2 ( 0 . 9 9 6 0  g . )
Comments :  R e d u c t i o n  p r o d u c t
was c o o l e d  i n  r e a c t o r  t o  
a p p r o x i m a t e l y  3 8 0 ° F  p r i o r  
t o  r e m o v a l  f r o m  f u r n a c e  
( a r g o n  a t m o s p h e r e ) .  F i n a l  
$  r e d u c t i o n  Based  on w e i g h t  
l o s s  was 4 6 . 4 $ .
Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
500 1 3 . 1 0
1 , 0 0 5 2 0 . 8 5
1 , 6 5 0 2 7 . 0
2 , 2 0 0 3 0 . 7
2 , 8 2 0 3 4 . 5
3 , 5 7 5 3 8 . 6
4 , 5 7 5 4 3 . 5
5 , 0 0 5 4 5 . 4
RUN 38
2 5 0 ° C ;  100$ H2
F lo w  r a t e :  3 . 0  c u . f t . / h r .
S p e c i m e n  A4 ( 0 . 8 2 5 3  g . )
Time 
( s ; c . )
925
1 , 8 0 0
$ R e d u c t i o n  
( t o  MnO)
5 . 3 9
1 2 . 6 4
Comments :  F i n a l  $ r e d u c t i o n
was 1 1 . 4 $ .
b a s e d  on w e i g h t  l o s s  
RUN 39
2 5 0 ° C; 100$ H2
F lo w  r a t e :  3 . 0  c u . f t . / h r .
S p e c i m e n  B2 ( 0 . 8 5 5 8  g . )
RUN
2 5 0 ° C; 100$ H2
Flo w  r a t e :  3 . 0  c u . f t . / h r .
S p e c i m e n  & 2  ( 1 . 4 4 9 0  g . )
Comments :  F i n a l  $ r e d u c t i o n
b a s e d  on w e i g h t  l o s s  was 
6 6 . 5 $ .
Time 
( s e c .  )
R e d u c t i o n  
( t o  MnO)
40
1 , 0 0 0 4 . 7 4
2 , 0 0 0 1 0 . 8
Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
625 1 . 7 3
1 , 2 6 0 5 . 1 3
1 , 9 0 0 8 . 8 4
2 , 5 3 0 1 2 . 6 7
3 , 6 1 0 1 9 . 9 0
4 , 6 1 0 2 8 . 7
5 , 9 7 5 3 9 . 0
7 , 0 1 5 4 6 . 8
8 , 1 2 5 5 3 . 9
9 , 2 7 0 5 9 . 3
1 8 , 7 5 0 7 0 . 0




2 5 0 ° C ;  5 3 . H2  ( B a l a n c e ,  He)  
F low  r a t e :  3 . 0  c u . f t . / h r .
S p e c im e n  B2 ( 1 . 4 7 0 0  g . )
Comments:  F i n a l  # r e d u c t i o n
B ased  on w e i g h t  l o s s  was 
6 2 . 7 % .
RUN 42
225°C ;  100#  H2
Flow r a t e :  2 . 7  c u . f t . / h r .
S p e c im e n  &2 ( 1 . 5 1 5 7  g . )
Comments:  F i n a l  %  r e d u c t i o n
B a s e d  on w e i g h t  l o s s  was 
6 5 . 9 # .
Time # R e d u c t i o n
( s e c .  ) ( t o  MnO)
7 0 0 0 . 9 2
1 , 2 0 0 2 . 3 7
1 , 8 7 0 4 . 5 1
2 , 6 1 0 7 . 2 4
3 , 5 2 5 1 0 . 5 6
4 , 5 0 0 1 4 . 4 0
5 , 8 2 5 2 0 . 0
6 , 7 5 0 2 4 . 3
7 , 6 7 5 2 9 . 0
8 , 8 5 0 3 5 . 0
1 0 , 3 5 0 4 2 . 8
1 1 , 6 0 0 4 8 . 2
1 3 , 0 6 0 5 3 . 5
1 4 , 8 5 0 5 8 . 0
1 6 , 5 1 0 6 0 . 7
1 7 , 7 6 0 6 2 . 3
2 0 , 3 3 0 6 4 . 0
Time # R e d u c t i o n
( s e c .  ) ( t o  MnO)
1 , 0 0 0 0 . 4 8
2 , 0 2 0 2 . 2 5
3 , 0 0 0 3 . 9 8
4 , 0 0 0 5 . 9 2
5 , 1 1 0 8 . 2 5
6 , 2 0 0 1 0 . 6 8
7 , 5 6 0 1 3 . 8 4
9 , 0 8 0 1 7 . 3 2
1 0 , 7 8 0 2 1 . 9
1 1 , 7 8 0 2 4 . 8
1 3 , 0 7 0 2 8 . 9
1 4 , 7 9 0 3 4 .  6
1 6 , 4 7 0 4 0 . 2
1 8 , 7 4 0 4 7 . 5
2 0 , 9 2 5 5 3 . 0
2 3 , 9 0 0 5 8 . 4
2 8 , 8 5 0 6 3 . 2
3 2 , 5 5 0 6 4 .7
3 4 , 0 5 0 6 5 . 0
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
138
TA^LE I I - 2  ( C o n t i n u e d )  
RUN 43
2 3 8 ° C ;  100$  H9 Time $ R e d u c t i o n
( s e c . )  ( t o  MnO)
F lo w  r a t e :  3 . 4  c u . f t . / h r .
1 . 0 0 0  2 . 0 7
S p e c i m e n  B2 ( 1 . 4 4 8 8  g . )  2 , 0 0 0  6 . 2 0
3 , 0 2 0  1 0 . 2 0
C om m ents :  U - t u b e  m i s h a p  a t  4 . 0 5 0  1 4 . 0
1 1 , 4 6 0  s e c .  5 , 2 3 0  1 9 . 0 2
6 , 4 1 5  2 4 . 9
7 , 4 7 0  3 0 . 8
8 , 4 6 0  3 6 . 5
9 , 4 2 0  4 2 . 0
1 0 , 5 4 0  4 8 . 4
1 1 , 4 6 0  5 3 . 2
RUN 44
2 2 6 ° C ;  100$  Hg Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F l o w  r a t e :  3 . 0  c u . f t . / h r .
680  1 . 2 4 7
S p e c i m e n  B 6 ( P )  ( 1 . 4 3 4 3  g .  ) 2 , 1 1 0  6 . 3 0
3 . 0 0 0  1 0 .7 3
Comments :  F i n a l  $ r e d u c t i o n  4 , 1 3 0  1 6 . 9
b a s e d  on w e i g h t  l o s s  was 5 , 3 6 0  2 3 . 9
6 5 . 3 $ .  6 , 5 7 0  2 9 . 4
7 , 5 9 0  3 4 . 2
8 , 8 6 0  3 9 . 0
9 , 9 7 0  4 2 . 2
1 1 , 1 8 0  4 6 . 2
1 2 , 8 4 0  50 .9^
1 5 , 6 7 0  5 6 . 9
1 8 , 3 0 0  6 0 . 8
2 0 , 3 1 5  6 3 . 1
2 4 , 9 0 0  6 5 . 7




2 1 5 ° C ;  100% Time % R e d u c t i o n
7 L ( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0 c u . f t . / h r .
2 , 0 0 0 3 . 2 8
S p e c i m e n  B6 (P ) ( 1 . 4 4 2 0  g . ) 4 , 0 2 5 8 . 9 1
6 , 0 0 0 1 4 . 7 7
Comments :  F i n a l % r e d u c t i o n 8 , 0 0 0 2 0 . 9
B ase d  on w e i g h t l o s s  was 1 0 , 5 5 0 2 8 . 1
64 .2 % . 1 3 , 0 0 0 3 4 . 5
1 6 , 0 2 0 4 2 . 2
1 9 , 0 0 0 4 8 . 4
2 2 , 0 0 0 5 3 . 4
2 6 , 0 0 0 5 8 . 5
3 0 , 3 0 0 6 3 . 1
3 5 , 5 3 0 6 6 . 5
3 8 , 5 3 0 6 7 . 6
RUN 46
3 5 0 ° C ;  2 4 . 9 %  H2  ( B a l a n c e ,  He)
F lo w  r a t e :  2 . 8  c u . f t . / h r .
S p e c i m e n  B3 ( 1 . 5 6 7 2  g . )
C om m ents :  F i n a l  %  r e d u c t i o n
B a s e d  on w e i g h t  l o s s  was 
7 4 . 0 % .  Flow r a t e  t o o  l o w .
S e e  r u n  7 5 .
T im e  %  R e d u c t i o n
( s e c . ) ( t o  MnO)
970  1 8 . 5
2 , 0 1 0  2 4 . 2
3 , 2 2 5  2 8 . 9
5 , 6 1 0  3 7 . 9
7 , 8 0 0  4 5 . 5
1 1 , 4 0 0  5 4 . 8
1 6 , 0 0 0  6 5 . 8
1 9 , 9 3 0  7 4 . 0
2 2 , 1 5 0  7 7 . 8




2 3 8 ° C ;  100$  H2  Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  3 . 0  c u . f t . / h r .
1 , 5 0 0  3 . 1 5
S p e c i m e n  B2 ( 1 . 9 4 5 9  g . )  3 , 3 4 0  9 . 6 5
5 , 0 4 0  1 6 .3 8
C omments :  F i n a l  $ r e d u c t i o n  6 , 7 7 0  2 4 . 4
B a s e d  on w e i g h t  l o s s  was 8 , 0 2 5  3 1 . 3
6 5 . 2 % .  9 , 0 0 0  3 6 . 5
1 0 , 2 4 0  4 3 . 1
1 1 , 4 9 0  4 9 . 2
1 2 , 7 1 0  5 4 .5
1 4 , 3 0 0  5 9 . 3
1 6 , 0 7 0  6 2 .8
2 0 , 1 3 0  6 6 . 8
RUN 48
2 3 8 ° C ;  100$  H£ Time %  R e d u c t i o n
( s e c . ) ( t o  MnO)
F low  r a t e :  6 . 0  c u . f t . / h r .
500  1 . 8 4
S p e c i m e n  B6 (P )  ( 1 . 4 4 4 4  g . )  1 , 5 3 0  1 0 .4 3
2 , 4 0 0  1 9 . 7 2
Comments :  D e v e lo p e d  l e a k  3 , 4 4 0  2 9 . 6
i n  U - t u b e ;  d a t a  v a l i d  u p  t o  4 , 5 3 0  3 7 . 8
r e a c t i o n  t i m e  o f  7260 s e c .  5 , 7 0 0  4 5 . 7
7 , 2 6 0  5 2 . 9
RUN 49
2 2 6 ° C ;  5 3 . 4 $  H2  ( b a l a n c e ,  He) Time $ R e d u c t i o n
( s e c . )  ( t o  MnO)
F low  r a t e :  6 . 0  c u . f t . / h r .
1 , 8 4 0  2 . 6 1
S p e c i m e n  B6 (P )  ( 2 . 7 5 8 2  g . )  4 , 0 7 5  8 . 8 1
6 , 1 5 5  1 6 . 0 4
Comments:  Two n o m in a l  1 . 4 -  8 , 3 7 0  2 3 . 4
gram  p e l l e t s  w e re  u s e d .  1 0 , 1 7 0  2 8 . 8
F i n a l  $  r e d u c t i o n  b a s e d  on 1 2 , 4 0 0  3 5 . 0
w e i g h t  l o s s  was 5 5 . 5 $ .  1 4 , 4 5 0  3 9 . 9
1 6 , 5 0 0  4 4 . 8
1 9 , 3 2 0  4 9 . 9
2 2 , 1 2 5  5 4 . 3
2 3 , 9 5 0  5 6 .8




2 2 6 ° C ;  2 4 . 9 $  H9  ( B a l a n c e ,  He)  T ime $ R e d u c t i o n
F l o w  r a t e :  6 . 5  c u . f t . / h r .
( s e c . ) ( t o  MnO)
3 , 6 0 0 3 . 7 6
S p e c i m e n  B6 ( p )  ( 2 . 6 8 6 5  g . ) 5 , 8 8 0 8 . 1 0
8 , 2 9 0 1 3 . 1 9
Comments :  Two n o m i n a l  1 . 4 - 1 0 , 6 7 0 1 8 . 4 6
g r a m  p e l l e t s  w e r e  u s e d . 1 3 , 2 0 0 2 3 . 8
F i n a l  $ r e d u c t i o n  B ased 1 6 , 2 1 0 2 9 . 5
on  w e i g h t  l o s s  was 3 5 . 8 $ . 2 1 , 2 4 5 3 8 . 1
RUN 51
2 2 6 ° C ;  100$ H2 Time $ R e d u c t i o n
F l o w  r a t e :  1 3 . 0  c u . f t . / h r .
( s e c . ) ( t o  MnO)
1 , 5 2 5 4 . 2 0
S p e c i m e n  B6 ( p )  ( 1 . 2 9 9 0  g . ) 2 , 6 4 0 9 . 7 8
3 , 8 1 0 1 5 . 9
C om m ents :  F i n a l  $  r e d u c t i o n 5 , 0 5 0 2 2 . 2
B a s e d  on w e i g h t  l o s s  was 6 , 7 5 0 3 0 . 1
5 9 . 9 $ . 9 , 8 0 0 4 1 . 8
1 3 , 2 5 0 5 2 . 6
1 5 , 5 2 0 5 7 . 5
1 7 , 5 7 0 6 0 . 5
RUN 52
2 0 0 ° C ; 1 0 0 $ H0 Time $ R e d u c t i o n
F lo w  r a t e :  3 . 0  c u . f t . / h r .
( s e c . ) ( t o  MnO)
2 , 0 0 0 0 . 9 7
S p e c i m e n  U6 ( P )  ( 3 . 3 9 2 4  g . ) 5 , 0 0 0 2 . 6 8
7 , 4 4 0 4 . 6 7
Comments :  Two n o m i n a l  1 . 7 - 1 0 , 2 6 0 7 . 4 4
g r a m  p e l l e t s  w e r e  u s e d . 1 4 , 2 3 0 1 1 . 8 7
F i n a l  $ r e d u c t i o n  B ase d 1 8 , 0 8 0 1 6 . 3
on w e i g h t  l o s s  was 2 5 . 0 $ . 2 1 , 3 3 0 2 0 . 1
2 5 , 3 3 0 2 4 . 6
2 6 , 6 4 0 2 5 . 9




3 5 0 ° C ;  24.9/S H2  ( B a l a n c e ,  H e )  Time $  R e d u c t i o n
( s e c . )  ( t o  MnO)
F lo w  r a t e :  3 . 8  c u . f t . / h r .
1 , 6 5 0  2 1 . 0 $
S p e c i m e n  B3 ( 0 . 9 4 3 0  g . )
Comments :  F i n a l  $ r e d u c t i o n  B a s e d  on  w e i g h t  l o s s  was 2 1 . 2 $ .
RUN 54
3 5 0 ° C ;  100$  H0 Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
1 , 8 1 0 3 0 . 7
S p e c i m e n  B3 ( 1 . 5 0 4 5  g . ) 2 , 4 3 0 3 7 .7
3 , 0 5 0 4 3 . 8
Comments :  A v e r a g e  Bed d e p t h 3 , 9 9 0 5 1 . 7
was 4 . 4  mm. H2  s t r e a m 4 , 9 2 0 5 8 . 4
was d i l u t e d  w i t h  a r g o n 6 , 3 7 0 6 7 . 0
d u r i n g  f i r s t  1400 s e c o n d s . 8 , 1 2 5 7 5 . 6
F i n a l  $ r e d u c t i o n  b a s e d  on 9 , 9 0 0 8 3 . 0
w e i g h t  l o s s  was 7 7 . 6 $ . 1 2 , 0 1 0 9 0 . 2
P r o d u c t  p a r t i a l l y  r e ­ 1 6 , 3 0 0 9 8 . 6
o x i d i z e d  u p o n  e x p o s u r e 1 7 , 4 0 0 9 9 . 4
t o  a i r .
RUN 55
3 7 5 ° C ;  100$ H9 Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
1 , 0 4 0 3 1 . 6
S p e c i m e n  B3 ( 1 . 4 9 6 7  g . ) 1 , 5 2 0 4 4 . 6
2 , 1 0 0 5 6 . 4
C om m ents :  A v e r a g e  Bed d e p t h 2 , 7 0 0 6 6 . 1
was 4 . 5  mm. H2  s t r e a m  
was d i l u t e d  w i t h  a r g o n
3 , 3 1 0 7 4 . 0
4 , 0 9 0 8 2 . 5
d u r i n g  f i r s t  700  s e c o n d s . 5 , 0 2 0 9 0 . 2
F i n a l  $ r e d u c t i o n  b a s e d  on 5 , 9 5 5 9 5 . 6
w e i g h t  l o s s  was 7 6 . 0 $ , 7 , 5 9 0 1 0 0 . 5
i n d i c a t i n g  t h a t  p r o d u c t  
was  p a r t i a l l y  r e o x i d i z e d  u p o n  
c o n t a c t  w i t h  a i r .




375°C; 100# H£ Time # Reduction
(sec.) (to MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
1 , 1 0 0  3 3 . 8
S p e c i m e n  B5  ( 1 . 5 8 2 8  g . )  1 , 6 0 0  4 6 . 6
2 , 1 8 0  5 7 . 4
Comments :  A v e r a g e  Bed d e p t h  2 , 8 2 0  6 6 . 9
was 4 . 8  mm. H2  s t r e a m  was 3 , 7 3 0  7 8 , 0
d i l u t e d  w i t h  a r g o n  d u r i n g  4 ; 6 5 0  8 6 . 3
f i r s t  750  s e c o n d s .  F i n a l  5 , 2 0 0  9 0 . 1
#  r e d u c t i o n  b a s e d  on w e i g h ^  6 , 6 7 0  9 6 . 6
l o s s  was 7 6 . 5 # ,  i n d i c a t i n g  7 , 6 3 0  9 8 . 6
t h a t  p r o d u c t  was p a r t i a l l y
r e o x i d i z e d  u p o n  c o n t a c t  w i t h  a i r .
RUN 57
3 7 5 ° C ;  100#  H„ Time #  R e d u c t i o n
( s e c . ) ( t o  MnO)
Flow  r a t e :  5 . 0  c u . f t . / h r .
1 , 2 5 0  3 0 . 6
S p e c i m e n  B5 ( 3 . 0 1 5 0  g . )  1 , 8 2 0  4 5 . 3
2 , 5 5 0  5 7 . 8
Comments :  A v e r a g e  bed  d e p t h  3 , 2 9 0  6 7 . 0
was 6 . 6  mm. s t r e a m  was 4 , 2 5 0  7 6 . 6
d i l u t e d  w i t h  a r g o n  d u r i n g  5 , 1 1 0  8 3 . 6
f i r s t  950 s e c o n d s .  F i n a l  6 , 1 5 0  9 0 . 2
# r e d u c t i o n  b a s e d  on w e i g h t  8 , 0 0 0  9 7 . 2
l o s s  was 9 3 . 4 # .
RUN 58
3 7 5 ° C ;  10 0 #  H2  Time # R e d u c t i o n
( s e c . ) ( t o  MnO)
F low  r a t e :  5 . 0  c u . f t . / h r .
1 , 3 0 0  3 0 . 5
S p e c i m e n  B3  ( 0 . 7 8 4 1  g . )  1 , 8 1 0  4 3 . 3
2 , 4 3 0  5 5 . 8
Comments :  A v e r a g e  bed  d e p t h  3 , 2 6 5  6 9 . 7
was 2 . 4  mm. s t r e a m  was 4 , 0 2 0  7 9 . 7
d i l u t e d  w i t h  He d u r i n g  f i r s t  5 , 0 0 0  8 9 . 3
900  s e c o n d s .





F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c im e n  B3 ( 2 . 8 8 1 7  g . )
Comments:  A v e r a g e  Bed d e p t h
was 6 . 4  mm. H2  s t r e a m  was 
d i l u t e d  w i t h  He d u r i n g  f i r s t  
800  s e c o n d s .  F i n a l  % 
r e d u c t i o n  b a s e d  on w e i g h t  
l o s s  was 75 .6% .
RUN 60
350°C ;  100% H2
F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c im e n  B6 (P )  ( 1 . 4 5 0 9  g . )
Comments:  H2  s t r e a m  was
d i l u t e d  w i t h  He d u r i n g  f i r s t  
150 0  s e c o n d s .  F i n a l  % 
r e d u c t i o n  b a s e d  on w e i g h t  
l o s s  was 8 7 .5 % .  S u r f a c e  
t e m p e r a t u r e  o f  s o l i d  was 
p r o b a b l y  much h i g h e r  t h a n  
350  C.
Time % R e d u c t i o n
( s e c .  ) ( t o  MnO)
1 , 5 0 0 2 6 . 8
2 , 8 0 0 4 0 . 0
3 , 9 0 0 4 8 . 7
5 , 3 5 0 5 8 . 0
6 , 9 5 0 6 6 . 5
8 , 1 0 0 7 1 . 6
1 0 , 4 5 0 8 0 . 5
Time 
( s e c . )
1 , 7 7 5
2 , 3 6 0
3 ,0 2 0
3 , 5 5 0
4 , 1 9 0
4 , 9 1 0
5 , 7 3 0
7 , 0 6 0
% R e d u c t i o n  
( t o  MnO)
5 5 . 1
6 6 . 2
7 4 . 2  
7 8 . 9
8 3 . 1
8 6 . 7
8 9 . 6
9 2 . 8
RUN 61
3 7 5 ° C ;  100% H2
F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c i m e n  35 ( 1 . 4 9 2 5  g . )
Comments:  H2  s t r e a m  was
d i l u t e d  w i t h  He d u r i n g  f i r s t  
750  s e c o n d s .  F i n a l  % 
r e d u c t i o n  b a s e d  on w e i g h t  
l o s s  was 91 .7% .  A v e r a g e  
b ed  d e p t h  was 1 . 0  mm.
Time 
( s e c . )
1,100
1 , 6 3 0
2 , 4 1 0
3 , 1 0 0
4 , 0 0 0
5 , 0 6 0
6 , 1 5 0
R e d u c t i o n  
( t o  MnO)
3 0 . 6
4 5 . 4
6 1 . 6
7 3 . 0
8 3 . 1
9 3 . 2
9 8 . 4





F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c i m e n  B5  ( 0 . 7 2 8 1  g . )
C om m ents :  H2  s t r e a m  was
d i l u t e d  w i t h  He d u r i n g  f i r s t  
850  s e c o n d s .  P r o d u c t  c o u l d  
n o t  Be w e i g h e d  d u e  t o  s a m p l e  
s p i l l a g e  a f t e r  r e m o v a l  f r o m  
f u r n a c e
RUN 63
3 7 5 ° C ; 1 0 0 % H2
F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c i m e n  B3  ( 0 . 7 3 1 9  g . )
Comments :  H2  s t r e a m  was
d i l u t e d  w i t h  He d u r i n g  f i r s t  
900 s e c o n d s .  A v e r a g e  bed 
d e p t h  was 1 . 6  mm. F i n a l  % 
r e d u c t i o n  b a s e d  on w e i g h t  l o s s  
was 8 3 .9 % .
RUN 64
2 2 6 ° C ;  100% H2 Time % R e d u c t i o n
F lo w  r a t e :  3 . 0  c u . f t . / h r .
( s e c . ) ( t o  MnO)
1 , 0 1 0 2 . 9 1
S p e c i m e n  B6 ( P )  ( 1 . 5 1 4 3  g . ) 2 , 0 2 5 7 . 8 2
3 , 1 1 0 1 4 . 1 4
C o m m e n ts : P e l l e t  was 4 , 4 6 0 2 2 . 0
s e c t i o n e d  i n t o  f o u r  m o r e  o r 5 , 9 6 0 2 9 . 6
l e s s  e q u a l  p i e - s h a p e d  p i e c e s . 7 , 5 7 0 3 6 . 2
F i n a l  % r e d u c t i o n  b a s e d  on 1 0 , 0 1 0 4 5 . 4
w e i g h t  l o s s  was 6 3 .7 % . 1 2 , 5 2 0 5 3 . 5
1 4 , 0 0 0 5 7 . 1
1 5 , 5 8 0 6 0 . 2
1 8 , 6 3 0 6 4 . 3
2 3 , 0 0 0 6 8 . 0
2 4 , 4 3 0 6 8 . 9
Time 
( s e c . )
1 , 3 0 0
1 , 8 3 0
2 , 4 7 0
3 , 3 3 0
4 , 1 5 0
4 , 9 5 0
% R e d u c t i o n  
( t o  MnO)
3 1 . 0
4 5 . 0
5 8 . 2
7 3 . 0
8 3 . 6
9 1 . 4
Tim e 
( s e c . )
1 , 1 6 0
1 , 6 5 0
2 , 4 2 0
3 , 1 0 0
4 , 0 0 0
5 , 1 2 5
% Reduction
(to MnO)
3 3 . 8
4 8 . 0
6 5 . 3
7 7 . 1
8 8 . 8
9 7 . 1




2 2 6 ° C ;  7 5 . 2 $  H2  ( b a l a n c e ,  He) Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F low  r a t e :  4 . 6  c u . f t . / h r .
1 , 9 6 0 5 . 0 6
S p e c i m e n  B6 ( P )  ( 1 . 8 7 1 8  g . ) 4 , 0 0 0 1 4 . 0 7
5 , 8 5 0 2 2 . 4 5
Comments:  F i n a l  $ r e d u c t i o n 8 , 0 0 0 3 1 . 2
b a s e d  on w e i g h t  l o s s  was 1 0 , 7 1 0 4 0 . 6
6 0 . 2 $ . 1 3 , 1 5 0 4 7 . 8
1 6 , 3 3 0 5 5 . 1
1 9 , 3 5 0 6 0 . 0
2 2 , 4 0 0 6 3 . 6
RUN 6 6
3 75°C ;  100$  H9 Time $ R e d u c t i o n7 A ( s e c . ) ( t o  MnO)
F low  r a t e :  1 3 . 0  c u . f t . / h r .
1 , 1 4 5 3 2 . 7
S p e c im e n  B5 ( 1 . 4 7 9 1  g . ) 1 , 7 6 0 4 8 . 3
2 , 4 5 0 6 0 . 6
Comments:  Hg d i l u t e d  w i t h 3 , 2 4 7 7 2 . 1
He d u r i n g  f i r s t  900  s e c o n d s . 4 , 0 6 0 8 1 . 5
A v e r a g e  bed d e p t h  was 4 . 4  mm. 5 , 1 0 0 9 0 . 4
F i n a l  $ r e d u c t i o n  b a s e d  on 6 , 3 9 0 9 7 . 5  -
w e i g h t  l o s s  was 9 3 . 5 $ . 7 , 8 7 0 1 0 0 . 6
9 , 4 3 0 1 0 1 . 5
RUN 67
3 7 5 ° C ;  100$  H2  T im e  $ R e d u c t i o n
( s e c .  ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
1 , 1 7 0  3 4 . 1
S p e c im e n  B5  ( 1 . 4 5 5 1  g . )  1 , 9 0 0  5 3 . 8
2 , 7 0 5  6 8 . 2
Comments:  H2  d i l u t e d  w i t h  3 , 6 7 0  8 1 . 5
a r g o n  d u r i n g  f i r s t  750  4 , 6 6 0  9 1 . 4
s e c o n d s .  R e a c t o r  c o o l e d  t o  5 , 3 6 5  9 5 . 8
1 5 0 ° F  p r i o r  t o  r e m o v in g  1 1 , 9 6 0  1 0 2 . 1
r e d u c t i o n  p r o d u c t .  A v e r a g e  
bed  d e p t h  was 1 . 0  mm. F i n a l  
$  r e d u c t i o n  b a s e d  on w e i g h t  
l o s s  was 9 5 . 7 $ .




375°C; 75.2$ H, (balance, He) Time $ Reduction
(sec.) (to MnO)
Flow  r a t e :  7 . 8  c u . f t . / h r .
1 , 1 2 5  3 3 . 6
S p e c im e n  B5  ( 1 . 5 0 1 4  g . )  1 , 7 9 0  4 8 . 2
2 , 6 5 0  6 2 . 4
Comments:  H2  d i l u t e d  w i t h  3 , 3 6 0  7 2 . 0
a r g o n  d u r i n g  f i r s t  800  s e c .  4 , 2 5 0  8 2 . 2
A v e r a g e  bed  d e p t h  was  1 . 0  mm. 5 , 2 6 0  9 0 . 4
F i n a l  $  r e d u c t i o n  b a s e d  on 6 , 3 4 0  9 6 . 0
w e i g h t  l o s s  was 7 5 . 5 $ .  7 , 2 1 0  9 8 . 8
P r o d u c t  p a r t i a l l y  r e - o x i d i z e d  
u p o n  e x p o s u r e  t o  a i r .
RUN 69
375°C;  5 3 . 4 $  H2  ( b a l a n c e ,  He) Time $ R e d u c t i o n
( s e c .  ) ( t o  MnO)
Flow r a t e :  1 0 . 0  c u . f t . / h r .
1 , 1 7 5  3 0 . 2
S p e c im e n  B5  ( 1 . 5 1 5 6  g . )  2 , 1 4 0  4 9 . 2
2 , 7 8 0  5 8 . 9
Comments:  H^  d i l u t e d  w i t h  3 , 8 1 0  7 1 . 8
a r g o n  d u r i n g  f i r s t  850  s e c .  4 , 9 2 5  8 2 . 6
A v e r a g e  bed d e p t h  was 1 . 0  mm. 5 , 9 3 0  -90-; 0
7 , 3 3 5  9 7 . 1
RUN 70
375°C;  2 4 . 9 $  H2  ( b a l a n c e ,  H e )  Time $ R e d u c t i o n
( s e c . )  ( t o  MnO)
Flow r a t e :  1 2 . 5  c u . f t . / h r .
1 , 1 2 0  2 4 . 6
S p e c im e n  B5  ( 1 . 4 9 3 1  g . )  1 , 8 9 0  3 4 . 3
2 , 8 3 0  4 4 . 2
Comments:  H„ d i l u t e d  w i t h  4 ,1 6 5  5 5 . 4
a r g o n  d u r i n g  f i r s t  700  s e c .  5 , 7 3 0  6 6 . 9
A v e r a g e  be d d e p t h  was 1 . 0  mm. 7 , 5 5 0  7 6 . 9
9 , 2 6 5  8 5 . 4




3 7 5 ° C ;  100# H2
F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c i m e n  ^2 ( 1 . 5 1 2 0  g . )
Comments :  H2  d i l u t e d  w i t h
a r g o n  d u r i n g  f i r s t  750  s e c .
A v e r a g e  bed d e p t h  was 1 . 0  mm.
RUN 72
2 7 5 ° C ;  100#  H9 - 7 T im e # R e d u c t i o n( s e c . ) ( t o  MnO)
F low  r a t e :  5 . 0  c u . f t . / h r .
8 0 5 8 . 0 5
S p e c i m e n  B2 ( 1 . 5 6 0 2  g . ) 1 , 4 9 0 1 7 . 3 2
2 , 4 0 0 3 0 . 1
C om m ents :  F i n a l  %  r e d u c t i o n 3 , 2 4 0 4 1 . 0
B a s e d  on w e i g h t  l o s s  was 4 , 1 3 0 4 9 . 5
6 8 . 4 #  ( p r o b a b l y  some r e ­ 5 , 1 3 0 5 5 . 2
o x i d a t i o n  o f  p r o d u c t  u p o n 6 , 4 8 0 5 9 . 4
e x p o s u r e  t o  a t m o s p h e r e ) . 8 , 5 2 0 6 3 . 3
A v e r a g e  bed  d e p t h  was 1 . 0  mm. 1 1 , 7 4 0 6 7 . 8
1 4 , 9 5 0 7 1 . 8
1 7 , 5 4 0 7 5 . 2
RUN 73
3 2 5 ° C ; 100#  H. T im e % R e d u c t i o n
7 L ( s e c . ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
1 , 3 0 0 1 8 . 5 8
S p e c i m e n  ^2 ( 1 . 9 4 2 0  g . ) 2 , 5 4 0 2 9 . 3
3 , 6 2 0 3 5 . 9
Comments :  F i n a l  # r e d u c t i o n 5 , 0 4 0 4 3 . 6
b a s e d  on w e i g h t  l o s s  was 6 , 5 6 0 5 0 . 3
6 7 . 6 #  ( p r o b a b l y  some r e ­ 8 , 1 2 5 5 6 . 1
o x i d a t i o n  o f  p r o d u c t  u p o n 9 , 8 7 0 6 1 . 8
e x p o s u r e  t o  a t m o s p h e r e ) . 1 2 , 1 7 0 6 8 . 3
H„ d i l u t e d  w i t h  a r g o n  d u r i n g 1 4 , 3 2 0 7 3 . 9
f i r s t  800 s e c .  A v e r a g e 1 8 , 1 8 0 8 1 . 5
b e d  d e p t h  was 1 . 3  mm. 2 0 , 6 5 0 8 5 . 3
T im e  
( s e c . )
1 , 0 8 0
2 , 0 8 0
3 , 0 6 0
4 , 0 4 0
5 , 5 3 0
% Reduction
(to MnO)
2 8 . 4  
53 . 8
7 0 . 7  
8 3 . 2
9 4 . 8




400°C ;  2 4 . 9 %  H2 ( B a l a n c e ,  H e )
F low  r a t e :  1 2 . 5  c u . f t . / h r .
S p e c im e n  B4  ( 1 . 4 7 5 6  g . )
Comments:  A v e r a g e  Bed d e p t h
was 1 . 0  mm. g e a c t o r  was 
c o o l e d  t o  102  F ( a r g o n  
a t m o s p h e r e )  p r i o r  t o  o x i d e  
p r o d u c t  r e m o v a l .  F i n a l  
%  r e d u c t i o n  b a s e d  on w e i g h t  
l o s s  was 9 5 .3 % .
RUN 75
350°C ;  24 .9%  H2  ( B a l a n c e ,  H e)  Time % R e d u c t i o n
( s e c . ) ( t o  MnO)
Flow  r a t e :  1 1 . 3  c u . f t . / h r .
460 1 2 . 8 9
S p e c im e n  B4  ( 1 . 5 7 7 7  g . )  1 , 1 1 0  1 8 . 1 3
1 . 7 0 0  2 1 . 6
Comments:  A v e r a g e  Bed 2 , 3 9 0  2 5 . 4
d e p t h  was 1 . 0  mm. F i n a l  3 , 3 6 0  3 0 . 4
% r e d u c t i o n  b a s e d  on w e i g h t  4 , 6 8 0  3 6 . 9
l o s s  was 5 5 .6 % .  6 , 9 0 5  4 6 . 3
8 . 7 0 0  5 2 . 9
1 0 , 3 4 0  5 9 . 0
RUN 7 6
4 2 5 ° C ;  9.73% H« ( b a l a n c e  H e)  Time % R e d u c t i o n
( s e c . )  ( t o  MnO)
F lo w  r a t e :  1 2 . 0  c u . f t . / h r .
660 2 7 . 6
S p e c i m e n  B4  ( 1 . 5 1 0 1  g . )  1 , 1 3 0  4 1 . 0
1 , 8 9 5  5 8 . 2
Comments:  H2 d i l u t e d  w i t h  2 , 7 2 5  7 3 . 1
a r g o n  d u r i n g  f i r s t  4 00  s e c .  3 , 7 9 0  8 8 . 7
A v e r a g e  Be d d e p t h  was 1 . 0  mm. 5 , 0 2 5  9 8 . 1
F i n a l  % r e d u c t i o n  b a s e d  on 9 , 2 3 0  1 0 2 . 6
w e i g h t  l o s s  was 9 7 .9 % .
Time 
( s e c . )
840
1 , 2 6 0
1 , 9 4 0
2 , 7 9 5
4 , 0 1 5
5 , 2 4 0




2 7 . 2
3 8 . 9  
5 4 . 1
6 8 . 9
8 4 . 7
9 4 . 7
9 9 . 3  
1 0 2 . 0




4 2 5 ° C ;  9 . 7 3 $  H2  ( b a l a n c e ,  H e )
F lo w  r a t e :  1 0 . 5  c u . f t . / h r .
S p e c i m e n  B4  ( 1 . 5 0 3 5  g . )
Comments:  H2  d i l u t e d  w i t h
a r g o n  d u r i n g  f i r s t  400  s e c .  
A v e r a g e  bed  d e p t h  was 2 . 3  mm.
RUN 78
4 2 5 ° C ;  9 , 7 3 $  H2  ( b a l a n c e ,  H e )
F lo w  r a t e :  6 . 9  c u . f t . / h r .
S p e c i m e n  B2 ( 1 . 5 3 5 2  g . )
Comments :  D a ta  a r e  n o t
v a l i d .  S p e c i m e n  was i n ­
c o r r e c t l y  p o s i t i o n e d  i n  
r e a c t o r  —  t h i s  was  o b s e r v e d  
a t  t i m e  o f  o x i d e  p r o d u c t  r e m o v a l .
Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
690 2 6 . 1
1 , 1 7 0 3 8 . 8
2 , 0 0 3 5 4 . 2
3 , 0 8 0 7 1 . 7
4 , 1 0 0 8 5 . 4
Time % R e d u c t i o n
( s e c . ) ( t o  MnO)
790 1 8 . 6 1
1 , 2 9 0 2 5 . 0
1 , 9 5 0 3 2 . 7
3 , 3 7 0 4 9 . 6
RUN 7 9
4 2 5 ° C j  9 . 7 3 $  H2  ( b a l a n c e ,  H e )
F lo w  r a t e :  5 . 5  c u . f t . / h r .
S p e c i m e n  B2 ( 1 . 4 7 4 2  g . )
Comments:  H2  d i l u t e d  w i t h
a r g o n  d u r i n g  f i r s t  475 s e c .  
E s t i m a t e d  b ed  d e p t h  was 1 . 0  
mm.
RUN 80
4 2 5 ° C ; 9 . 7 3 $  H2  ( b a l a n c e ,  He)  
F lo w  r a t e :  8 . 0  c u . f t . / h r .
S p e c i m e n  B2 ( 1 . 4 8 8 3  g . )
Comments :  H2  d i l u t e d  w i t h
a r g o n  d u r i n g  f i r s t  400 s e c .
Time 
( s e c . )
710
1 , 2 0 0
1 , 9 0 0
2 , 8 4 0
3 , 8 1 0
4 , 3 7 0
Time 
( s e c . )
700
1 , 2 4 0
1 , 9 4 0
2 , 5 9 0
3 , 5 7 0“  O  —  — Q  "     /
E s t i m a t e d  b e d d e p t h  was 1 . 0  mm. 4 , 1 9 0
%  R e d u c t i o n  
( t o  MnO)
2 6 . 8
3 9 . 3
5 3 . 3
6 9 . 4
8 2 . 8
8 8 . 7
R e d u c t i o n  
( t o  MnO)
2 6 . 1
4 0 . 3
5 5 . 1
6 6 . 2
8 0 . 4
8 7 . 3




425°C; 9.73$ R2 (balance, He) Time $ Reduction
(sec.) (to MnO)
Flow r a t e :  8 . 0  c u . f t . / h r .
760  2 9 . 4
S p e c im e n  B4  ( 1 . 5 0 1 9  g . )  1 , 4 3 5  4 5 . 8
2 , 0 7 0  5 8 . 5
Comments:  H2  d i l u t e d  w i t h  2 , 8 2 0  7 0 . 7
a r g o n  d u r i n g  f i r s t  400 s e c .  3 , 6 0 5  8 1 . 8
E s t i m a t e d  bed d e p t h  was 4 , 3 3 0  8 9 . 4
1 . 0  mm.
RUN 8 2
4 0 0 ° C ;  9 . 7 3 $  H2  ( b a l a n c e ,  He) Time $ R e d u c t i o n
( s e c . )  ( t o  MnO)
F lo w  r a t e :  5 . 5  c u . f t . / h r .
8 5 0  2 2 . 7
S p e c i m e n  B4 ( 1 . 4 7 9 6  g . )  2 , 0 0 5  4 0 . 4
3 , 1 0 0  5 3 . 2
Comments:  H2  d i l u t e d  w i t h  4 , 3 7 0  6 5 . 8
a r g o n  d u r i n g  f i r s t  570 s e c .  5 , 9 3 5  7 8 . 4
E s t i m a t e d  b e d d e p t h  was 8 , 1 5 0  9 1 . 5
1.0 mm.
RUN 83
4 0 0 °C ;  100$ H„ Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F low  r a t e :  7 . 5  c u . f t . / h r .
650  3 6 . 7
S p e c i m e n  B4 ( 0 . 7 8 4 7  g . ) 950  5 4 . 5
1 , 3 5 0  7 2 . 1
Comments :  H2  d i l u t e d  w i t h  1 , 6 5 0  8 2 . 5
a r g o n  d u r i n g  f i r s t  430 s e c .  2 , 1 0 0  9 2 . 8
E s t i m a t e d  bed d e p t h  was 2 , 8 0 0  1 0 1 . 1
1 . 7  mm.




325°C; 53.4% H2 (Balance, He) Time % Reduction
(sec.) (to MnO)
F lo w  r a t e :  9 . 0  c u . f t . / h r .
5 1 0  1 2 . 9 7
S p e c i m e n  B4  ( 1 . 8 2 1 9  g . )  1 , 0 8 0  1 8 . 9 6
1 , 7 9 0  2 3 . 1
C omments :  H2  d i l u t e d  w i t h  2 , 9 1 0  2 7 . 8
a r g o n  d u r i n g  f i r s t  550  s e c .  4 , 2 4 0  3 2 . 4
E s t i m a t e d  b e d d e p t h  was 6 , 2 8 0  3 8 . 8
1 . 2  mm. F i n a l  % r e d u c t i o n  8 , 5 6 0  4 5 . 3
B a s e d  on  w e i g h t  l o s s  was 1 1 , 2 0 0  5 1 . 7
5 6 .4 % .  1 4 , 0 5 0  5 8 . 0
1 5 , 7 0 0  6 1 . 2
RUN 8 5
3 5 0 ° C ;  53 .4%  H2  ( b a l a n c e ,  H e)
F lo w  r a t e :  9 . 0  c u . f t . / h r .
S p e c i m e n  B4  ( 1 . 7 1 5 8  g . )
Comments :  H2  d i l u t e d  w i t h
a r g o n  d u r i n g  f i r s t  540  s e c .  
E s t i m a t e d  b e d  d e p t h  was
1 . 1  mm. F i n a l  % r e d u c t i o n  
b a s e d  on w e i g h t  l o s s  was 
6 3 .5 % .
Time % R e d u c t i o n
( s e c . ) ( t o  MnO)
840 1 8 . 1 3
1 , 5 3 0 2 5 . 1
2 , 3 2 0 3 1 . 3
3 , 6 4 0 4 0 . 6
5 , 3 1 0 5 0 . 5
6 , 9 8 0 5 8 . 6
9 , 2 2 0 6 8 . 1
1 1 , 6 8 0 7 6 . 9
RUN 8 6
2 5 0 ° C : 100% H9 Time % R e d u c t i o n
F low  r a t e :  1 3 . 0  c u . f t . / h r .
( s e c . ) ( t o  MnO)
1 , 0 4 0 4 . 8 4
S p e c i m e n  B 2  ( 1 . 5 0 7 7  g . ) 2 , 0 0 0 1 1 . 0 6
3 , 2 1 0 1 9 . 0 4
C omments :  F i n a l  % r e d u c t i o n 4 , 5 2 0 2 9 . 6
b a s e d  on  w e i g h t  l o s s  was 5 , 5 5 0 3 8 . 7
6 4 .1 % .  R e d u c t i o n  p r o d u c t  was 6 , 6 4 0 4 7 . 6
a n a l y z e d  b y  t h e r m a l  d e c o m p o s i ­ 7 , 7 6 0 5 5 . 1
t i o n  i n  t h e  m a n n e r  d i s c u s s e d 9 , 4 9 0 6 2 . 6
on p a g e  55 o f  t h e  t e x t .  The 1 1 . 3 0 0 6 6 . 5
a n a l y s i s  i n d i c a t e d  a  p r o d u c t 1 2 , 3 2 5 6 8 . 1
o f  91% Mn3  0 4 , 7% MnO2 , a n d  
2% Mn2 0 3 .
1 2 , 7 0 0 6 8 . 6




3 7 5 °C: 9 .74/6  H0  ( B a l a n c e ,  He)  Time $ R e d u c t i o n
F lo w  r a t e :  5 . 5  c u . f t . / h r .
( s e c . ) ( t o  MnO)
425 1 5 . 1 9
S p e c i m e n  B3  ( 2 . 0 1 6 7  g . ) 910 2 0 . 0
1 , 0 6 5 2 5 . 1
Comments:  E s t i m a t e d  Bed 2 , 4 8 0 3 0 . 1
d e p t h  was 1 . 3  mm. F i n a l 3 , 7 1 0 3 7 . 0
$  r e d u c t i o n  B a s e d  on w e i g h t 5 , 2 0 0 4 4 . 5
l o s s  was 4 9 . 5 $ . 6 , 6 1 0 5 0 . 7
RUN 8 8^1 ~ ■
2 2 6 °C ;  9 . 9 $  Ho 0 ,  9 0 . 1 $  H2 Time $ R e d u c t i o n' L  *■*
F lo w  r a t e :  3 . 3  c u . f t . / h r .
( s e c . ) ( t o  MnO)
S p e c i m e n  B6 ( p )  ( 1 . 8 1 4 7  g . )
4 , 0 1 0 0 . 8  ( 9 . 9 $
C omments :  $ r e d u c t i o n  c a l ­
8 , 0 0 0 1 8 . 0  ( 1 0 0 $  :
c u l a t e d  f r o m  w e i g h t  l o s s 1 2 , 0 0 0 2 3 . 1  ( 9 . 9 $
d a t a . 1 6 , 0 0 0 2 8 . 2  »
2 0 , 0 0 0 3 4 . 2  *«
RUN _89
2 2 6 °C ;  1 . 1 $  H2 0 ,  9 8 . 9 $  H2 Time $ R e d u c t i o n
F low  r a t e :  3 . 0  c u . f t . / h r .
( s e c . ) ( t o  MnO)
4 , 0 0 0 5 . 7
S p e c i m e n  B 6 (P )  ( 1 . 5 5 6 5  g . ) 8 , 0 0 0 1 7 . 1 8
1 2 , 0 0 0 2 9 . 2
Comments :  $ r e d u c t i o n  c a l ­ 1 6 , 9 6 0 4 0 . 7
c u l a t e d  f r o m  w e i g h t  l o s s 2 5 , 1 2 0 5 4 . 2
d a t a . 3 5 , 2 6 5 6 1 .8




2 2 6 ° C ;  1.156 H2 0 , 9 8 . 9 $  H2  
F lo w  r a t e :  3 . 0  c u . f t . / h r .
S p e c i m e n  B6 ( P ) ( 1 . 8 7 2 1  g . )
C om m ents :  C o n v e r s i o n  B ased  on w e i g h t  l o s s  d a t a .
Time 
( s e c . )
1 4 , 0 0 0
$ R e d u c t i o n  
( t o  MnO)
3 7 . 0
RUN 91
3 7 5 °C ;  1 0 0 $  H2
F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c i m e n  Bi  ( 1 . 5 3 7 1  g . )
Comments :  H2  d i l u t e d  w i t h
a r g o n  d u r i n g  f i r s t  700 s e c .  
E s t i m a t e d  Be d d e p t h  was 
4 . 5  mm.
RUN 92
Time 
( s e c . )
$  R e d u c t i o n  
( t o  MnO)
900
*
2 8 . 9
* *
2 9 . 4
B a s e d  on w a t e r  r e c o v e r y  
**Ba s ed on w e i g h t  l o s s
Time 
( s e c . )
900
$ R e d u c t i o n  
( t o  MnO)
2 6 . 2
3 7 5 °C ;  9 . 9 $  H2 0 ,  9 0 . 1 $  H2
F l o w  r a t e :  5 . 5  c u . f t . / h r .
S p e c i m e n  B1 ( 1 . 5 0 2 8  g . )
Comments :  H2  d i l u t e d  w i t h  a r g o n  d u r i n g  f i r s t  700 s e c .
C o n v e r s i o n  was Based  on w e i g h t  l o s s .  E s t i m a t e d  bed  
d e p t h  was 4 . 5  mm.
RUN 93
375 C; 9 . 9 $  H2 0 ,  9 0 . 1 $  H2  
F l o w  r a t e :  5 . 5  c u . f t . / h r .
S p e c i m e n  B3  ( 1 . 5 3 3 0  g . )
Time 
( s e c . )
6 , 2 0 0
$ R e d u c t i o n  
( t o  MnO)
5 2 . 2
Comments :  H2  d i l u t e d  w i t h  a r g o n  d u r i n g  f i r s t  700  s e c .
C o n v e r s i o n  was B a s e d  on w e i g h t  l o s s .  E s t i m a t e d  b e d 
d e p t h  was 1 . 0  mm. R e a c t o r  c o o l e d  t o  room t e m p e r a t u r e  
( a r g o n  a t m o s p h e r e )  p r i o r  t o  r e d u c t i o n - p r o d u c t  r e m o v a l .




3 7 5 ° C ;  1 . 1 $  Ho0 ,  9 8 . 9 $  H2  Time %  R e d u c t i o n
( s e c . ) ( t o  MnO)
F low  r a t e :  5 . 0  c u . f t . / h r .
6 , 2 0 0  7 7 . 1
S p e c i m e n  B3  ( 1 . 5 1 0 7  g . )
Comments:  H2  d i l u t e d  w i t h  a r g o n  d u r i n g  f i r s t  700  s e c .
C o n v e r s i o n  b a s e d  on w e i g h t  l o s s .  E s t i m a t e d  b e d  d e p t h  
was 1 . 0  mm. R e a c t o r  c o o l e d  t o  room t e m p e r a t u r e  ( a r g o n
a t m o s p h e r e )  p r i o r  t o  r e d u c t i o n - p r o d u c t  r e m o v a l .
RUN 95
37 5 °C ;  100$ H2  Time %  R e d u c t i o n
( s e c . )  ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
1 , 1 0 0  3 2 . 2
S p e c im e n  B3  ( 1 . 5 2 3 0  g . ) 1 , 8 0 0  5 0 . 6
2 , 7 5 0  6 7 . 6
Comments:  H2  d i l u t e d  w i t h  3 , 8 0 0  8 1 . 1
a r g o n  d u r i n g  f i r s t  700 s e c .  5 , 0 4 0  9 2 . 1
E s t i m a t e d  bed  d e p t h  was 6 , 1 8 0  9 7 . 9
1 . 0  mm. R e a c t o r  c o o l e d  t o  
room t e m p e r a t u r e  ( a r g o n  
a t m o s p h e r e )  p r i o r  t o  
r e d u c t i o n - p r o d u c t  r e m o v a l .
F i n a l  c o n v e r s i o n  b a s e d  on 
w e i g h t  l o s s  was 9 4 . 0 $ .
RUN 96
3 2 5 / 4 7 0 ° C ;  100$  H2  T ime $ R e d u c t i o n
( s e c  . ) ( t o  MnO)
F lo w  r a t e :  6 . 0  c u . f t . / h r .
S p e c i m e n  B6  ( 0 . 6 3 3 5  g .  )
6 00  5 8 . 9  ( 3 2 5 ° C )
842  9 6 . 2  ( a p p r o x .
Comments:  H o r i z o n t a l  1 , 1 3 0  1 0 2 . 0  47 0 °C )
f u r n a c e  u s e d .  P u r g e d  w i t h  
a r g o n  w h i l e  r e a c t o r  was 
h e a t e d  f r o m  325°  t o  470 C.
T e m p e r a t u r e  o f  s e c o n d  s t a g e  
a p p r o x i m a t e l y  p l u s  o r  m in u s  2 0 °C .




3 2 5 / 4 7 0 ° C ;  100% H2 Time % R e d u c t i o n
( s e c . ) ( t o  MnO)
F l o w  r a t e :  6 . 0  c u . f t . / h r .
3 00 2 8 . 0 ( 3 2 5 °
S p e c i m e n  ®1 ( 0 . 6 4 2 8  g . )
500 6 7 . 1 ( a p p r
Com m ents :  H o r i z o n t a l  f u r n a c e 708 9 8 . 2
w as  u s e d .  P u r g e d  w i t h  a r g o n 908 1 0 0 . 3 4 7 0 °C
w h i l e  f u r n a c e  t e m p e r a t u r e  was 1 , 1 2 0 9 9 . 9
r a i s e d  f r o m  3 2 5 °  t o  4 7 0 ° C .
T e m p e r a t u r e  o f  s e c o n d  s t a g e
a p p r o x i m a t e l y  p l u s  o r  m i n u s  2 0 C. R e a c t o r  c o o l e d t o
room  t e m p e r a t u r e  p r i o r  t o  r e d u c t i o n - p r o d u c t  r e m o v a l  ( a r g o n  
a t m o s p h e r e ) .  F i n a l  % r e d u c t i o n  b a s e d  on w e i g h t  l o s s  was 
9 9 .3 % .
RUN 98
3 2 5 / 4 9 0 ° C ;  100% H2  Time % R e d u c t i o n
( s e c . ) ( t o  MnO)
F l o w  r a t e :  6 . 0  c u . f t . / h r .
1 70  2 7 . 8  ( 3 2 5 ° C )
S p e c i m e n  B4  ( 0 . 5 9 0 9  g . )
3 6 0  5 9 . 6  ( a p p r o x .
C om m ents :  H o r i z o n t a l  f u r n a c e  4 5 2  9 6 . 5
was u s e d .  P u r g e d  w i t h  a r g o n  560  1 0 4 . 0  4 9 0 ° C )
w h i l e  f u r n a c e  t e m p e r a t u r e  was 
r a i s e d  f r o m  325 t o  4 9 0  C.
T e m p e r a t u r e  o f  s e c o n d  s t a g e  a p p r o x i m a t e l y  p l u s  o r  m i n u s
2 0 ° C .  F i n a l  % r e d u c t i o n  b a s e d  on  w e i g h t  l o s s  was 9 6 .9 % .
RUN 99
3 2 5 / 5 2 5 ° C ;  100% H2
F lo w  r a t e :  6 . 0  c u . f t . / h r .
S p e c i m e n  B4  ( 0 . 5 7 9 1  g . )
Time 
( s e c . )
170
% R e d u c t i o n  
( t o  MnO)
2 5 . 2  ( 3 2 5 ° C )
3 7 0  1 0 1 . 1  ( 5 2 5 ° C )
P u r g e d  w i t h  a r g o n  w h i l e
C om m ents :
H o r i z o n t a l  f u r n a c e  was u s e d .
f u r n a c e  t e m p e r a t u r e  was r a i s e d  f r o m  3 2 5 °  t o  5 2 5 °C .  
T e m p e r a t u r e  o f  s e c o n d  s t a g e  a p p r o x i m a t e l y  p l u s  o r  m in u s  
2 0 ° C .  R e a c t o r  c o o l e d  t o  2 0 0 ° C  ( a r g o n  a t m o s p h e r e )  p r i o r  
t o  r e d u c t i o n - p r o d u c t  r e m o v a l .  F i n a l  % r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was  92 .4% .




3 2 5 / 5 2 5 ° C ;  100% H« Time % R e d u c t i o n
( s e c . ) ( t o  MnO)
F lo w  r a t e :  6 . 0  c u . f t . / h r .
S p e c i m e n  B4  ( 0 . 6 6 4 6  g . )
170 2 5 . 8  ( 3 2 5 ° C )
270  9 8 . 9  ( 5 2 5 ° C )
Comments :
H o r i z o n t a l  f u r n a c e  was u s e d .  P u r g e d  w i t h  a r g o n  w h i l e  
f u r n a c e  t e m p e r a t u r e  wgs r a i s e d  f r o m  l o w e r  t o  h i g h e r  l e v e l .  
R e a c t o r  c o o l e d  t o  200 C ( a r g o n  a t m o s p h e r e )  p r i o r  t o  
r e d u c t i o n - p r o d u c t  r e m o v a l .  F i n a l  % r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was 97 .5 % .  T e m p e r a t u r e  o f  s e c o n d  s t a g e  
a p p r o x i m a t e l y  p l u s  o r  m i n u s  2 0 ° C .
RUN 1 01
3 2 5 / 5 2 5 ° C ;  100% H2  
F lo w  r a t e :  6 . 0  c u . f t . / h r .
S p e c im e n  B i  ( 0 . 8 4 8 0  g . )  
Comments :
H o r i z o n t a l  f u r n a c e  was u s e d .
Time 
( s e c . )
170
370
R e d u c t i o n  
( t o  MnO)
2 2 . 7
1 0 1 .8
( 3 2 5 ° C )
( 5 2 5 ° C )
P u r g e d  w i t h  a r g o n  w h i l e
f u r n a c e  t e m p e r a t u r e  was r a i s e d  f r o m  l o w e r  t o  h i g h e r  l e v e l .  
R e a c t o r  c o o l e d  t o  room t e m p e r a t u r e  ( a r g o n  a t m o s p h e r e )  
p r i o r  t o  r e d u c t i o n - p r o d u c t  r e m o v a l .  F i n a l  % r e d u c t i o n  
b a s e d  on w e i g h t  l o s s  was  9 9 .7 % .  T e m p e r a t u r e  o f  s e c o n d  
s t a g e  a p p r o x i m a t e l y  p l u s  o r  m i n u s  20 C.
RUN 102
3 2 5 / 4 9 0  C; 100% H2
Flow  r a t e :  6 . 0  c u . f t . / h r .
S p e c im e n  ®4 ( 0 . 6 2 3 6  g . )
Time 





R e d u c t i o n  
( t o  MnO)
2 2 . 4  ( 3 2 5 ° C )
5 7 . 8
1 0 5 . 1
1 0 5 . 2
( 4 9 0  C)
P u r g e d  w i t h  a r g o n  w h i l e
Comments :
H o r i z o n t a l  f u r n a c e  was u s e d .
f u r n a c e  t e m p e r a t u r e  was r a i s e d  f r o m  3 2 5 °  t o  49 0 °C .  
R e a c t o r  c o o l e d  t o  200°C ( a r g o n  a t m o s p h e r e )  p r i o r  t o  
r e d u c t i o n - p r o d u c t  r e m o v a l .  F i n a l  % r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was 9 6 .2% .  T e m p e r a t u r e  o f  s e c o n d  s t a g e  
a p p r o x i m a t e l y  p l u s  o r  m i n u s  20°C .





( s e c . )
170
670
# R e d u c t i o n  
( t o  MnO)
1 8 . 9 5  (3 2 5 °C )
9 4 . 9  ( 5 7 0 ° C )
3 2 5 / 5 7 0  C; 1 0 0 #  H2 
Flow r a t e :  5 . 0  c u . f t . / h r .
S p e c im e n  B.1 ( 0 . 6 5 8 0  g . )
Com m ents :
H o r i z o n t a l  f u r n a c e  was u s e d .  P u r g e d  w i t h  a r g o n Qw h i l e  
f u r n a c e  t e m p e r a t u r e  was r a i s e d  f r o m  3 2 5 °  t o  570 C. 
T e m p e r a t u r e  o f  s e c o n d  s t a g e  a p p r o x i m a t e l y  p l u s  o r  m in u s  
2 0 °C .  R e a c t i o n  p r o d u c t  was g r e e n ,  i n d i c a t i n g  c o m p l e t e  
r e d u c t i o n  t o  MnO h a d  b e e n  a c h i e v e d ,  e v e n  t h o u g h  a c o n ­
v e r s i o n  o f  o n l y  9 4 . 9 #  h a d  b e e n  m e a s u r e d .  I t  i s  l i k e l y  
t h a t  some o f  t h e  Mn02 d e c o m p o s e d  t o  Mn2 03 w h i l e  f u r n a c e  
t e m p e r a t u r e  was b e i n g  r a i s e d .
RUN 1 04
5 5 0 ° C • 100#  A r g o n ;  d e c o m p s i t i o n  r u n .
S p e c im e n  Bi  ( 3 . 8 9 2 7  g . )
Comments:  S p e c i m e n  was h e a t e d  i n  a  s l o w  s t r e a m  o f  a r g o n
f o r  a p p r o x i m a t e l y  1000 s e c o n d s  a f t e r  a  t e m p e r a t u r e  of  
a p p r o x i m a t e l y  550°C ( p o s s i b l y ,  somewhat  h i g h e r )  h ad  b e e n  
a c h i e v e d .  B a s e d  on w e i g h t  l o s s  ( r e a c t o r  c o o l e d  t o  room 
t e m p e r a t u r e  p r i o r  t o  c o n t a c t i n g  t h e  d e c o m p o s e d  s p e c im e n  
w i t h  a i r ) ,  t h e  # c o n v e r s i o n  t o  Mn2 0 3 was 9 7 . 3 # .
RUN 105
Time 
( s e c .  )
650
830
# R e d u c t i o n  
( t o  MnO)
7 7 . 2
9 1 .3
4 0 0 ° C ; 1 0 0 #  H2
Flow r a t e :  6 . 0  c u . f t . / h r .
S p e c im e n  B5 ( 0 . 6 9 2 1  g . )
Comments:  H o r i z o n t a l  f u r n a c e  was u s e d .  H2 was d i l u t e d
w i t h  a r g o n  d u r i n g  f i r s t  5 5 0  s e c o n d s .  T e m p e r a t u r e  e s c a l a t e d  
a t  l e a s t  10°C d u r i n g  t h e  r u n .  R e a c t o r  c o o l e d  t o  200°C 
( a r g o n  a t m o s p h e r e )  p r i o r  t o  r e d u c t i o n - p r o d u c t  r e m o v a l .
F i n a l  #  r e d u c t i o n  b a s e d  on  w e i g h t  l o s s  was 9 7 . 4 # .
R e d u c t i o n  p r o d u c t  ( p r i o r  t o  o p e n i n g  o f  r e a c t i o n  t u b e )  was 
g r e e n ,  i n d i c a t i n g  t h a t  r e d u c t i o n  t o  MnO was e s s e n t i a l l y  
c o m p l e t e .  I t  i s  l i k e l y  t h a t  some d e c o m p o s t i o n  o f  t h e  
o r i g i n a l  Mn02 t o  Mn2 0 3 o c c u r r e d .
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TABLE II-2 (Continued)
RUN 1 0 6
450°C ;  9 . 7 3 $  H2
F lo w  r a t e :  8 . 0  c u . f t . / h r .
S p e c im e n  B 4  ( 0 . 8 8 7 3  g . )
Comments :  H o r i z o n t a l  f u r n a c e  was  u s e d .  R e a c t o r  c o o l e d
t o  room t e m p e r a t u r e  ( a r g o n  a t m o s p h e r e )  p r i o r  t o  r e d u c t i o n -  
p r o d u c t  r e m o v a l .  F i n a l  $  r e d u c t i o n  b a s e d  on w e i g h t  l o s s  
was  5 9 . 5 $ .
Time $  R e d u c t i o n
( s e c . )  ( t o  MnO)
1 , 0 0 0  3 1 . 5
2 , 1 5 0  6 2 . 6
RUN 107
3 2 5 / 4 2 5 ° C ;  1 0 0 $  H2 Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
F low  r a t e :  6 . 0  c u . f t . / h r .
200 1 0 . 5 ( 3 2 5
S p e c im e n  Bi ( 0 . 6 0 3 0  g . )
405 3 5 . 3
Comments :  H o r i z o n t a l  f u r n a c e 660 6 4 . 7
was u s e d .  R e a c t o r  c o o l e d  t o 925 8 4 . 3 (4 2 5
room t e m p e r a t u r e  ( a r g o n 1 , 1 5 5 9 2 . 8
a t m o s p h e r e )  p r i o r  t o  r e d u c t i o n - 1 , 3 5 5 9 6 . 8
p r o d u c t  r e m o v a l .  P u r g e d  w i t h 1 , 8 5 5 1 0 2 . 2
a r g o n  w h i l e  f u r n a c e ot e m p e r a t u r e  
was r a i s e d  f r o m  325 t o  4 2 5 ° C .  
F i n a l  $ r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was  9 3 . 0 $
RUN 108
3 2 5 / 4 5 0 ° C ;  100$  H2
F lo w  r a t e :  6 . 0  c u . f t . / h r .
S p e c i m e n  s i  ( 0 . 6 2 2 7  g . )
Comments :  H o r i z o n t a l  f u r n a c e  
w a s Qu s e d .  R e a c t o r  c o o l e d  t o  
200 C p r i o r  t o  r e d u c t i o n -  
p r o d u c t  r e m o v a l .  P u r g e d  w i t h  
a r g o n  w h i l e  f u r n a c e  t e m p e r a t u r e  
was r a i s e d  f r o m  325 t o  4 5 0  C. 
F i n a l  $ r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was 9 4 . 5 $ .
Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
300 1 2 . 2 7  ( 3 2 5 ° C )
490 3 7 . 4
620 6 1 . 9
720 7 4 . 9  (4 5 0  C)
1 , 0 2 0 9 9 . 0
1 , 3 0 0 1 0 2 . 2




3 2 5 / 5 0 0  C; 1 0 0 #  H2 
F lo w  r a t e :  6 . 0  c u . f t . / h r .
S p e c i m e n  B i  ( 0 . 5 7 6 3  g . )  
C om m en ts :
Time 
( s e c . )
300




#  R e d u c t i o n  
( t o  MnO)
1 3 . 5 0  (3 25°C )
( 5 0 0 ° C )
5 9 . 3
9 3 . 6
1 0 5 . 2
H o r i z o n t a l  f u r n a c e  
R e a c t o r  c o o l e d  t o  
200~C p r i o r  t o  r e d u c t i o n - p r o d u c t
r e m o v a l .  P u r g e d  w i t h  a r g o n  w h i l e  f u r n a c e  t e m p e r a t u r e  was 
r a i s e d  f r o m  32 5 °  t o  5 0 0 ° C .  F i n a l  # r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was 9 6 . 9 # ,
RUN 110
3 2 5 / 5 0 0 ° C ;  1 0 0 #  H2
F l o w  r a t e :  6 . 0  c u . f t . / h r .
S p e c i m e n  Bi  ( 0 . 6 6 6 7  g . )
C om m ents :  H o r i z o n t a l  f u r n a c e
w a s Qu s e d .  R e a c t o r  c o o l e d  t o  
2 0 0  C p r i o r  t o  r e d u c t i o n - p r o d u c t  
r e m o v a l .  P u r g e d  w i t h  a r g o n  
w h i l e  f u r n a c e  t e m p e r a t u r e  was
r a i s e d  f r o m  3 2 5 °  t o  500°C .  F i n a l  # r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was  9 6 . 5 # .
Time # R e d u c t i o n
( s e c . ) ( t o  MnO)
300 1 3 . 2 7  (
495 5 9 . 7
565 8 5 . 0
660 9 8 . 6
945 1 0 6 . 0
1 , 3 2 0 1 0 6 . 8
3 2 5 ° C )
RUN 111
3 2 5 ° C ; 1 0 0 #  H2
F lo w  r a t e :  3 . 5  c u . f t . / h r .
S p e c i m e n  Cl ( 1 . 0 0 0 4  g . )
Time 
( s e c .  )
250
# R e d u c t i o n  
( t o  MnO)
7 5 . 4
•  •
Comments :  H o r i z o n t a l  f u r n a c e  ( S e e  n o t e  i n  c o m m e n t s )
was u s e d .  T e m p e r a t u r e  . .
i n c r e a s e d  t o  337°C a t  a r e a c t i o n
t i m e  o f  a p p r o x i m a t e l y  200  s e c .  450  7 9 . 5
T h e r e f o r e ,  r e a c t o r  was p u r g e d  800  9 1 . 0
w i t h  a r g o n  a t  250  s e c o n d s  u n t i l  1250  9 3 . 6
t e m p e r a t u r e  s t a b i l i z e d ;  f i n a l l y ,  2 5 0 0  1 0 3 . 8
t h e  r e d u c t i o n  was r e s u m e d  by- 
s t a r t i n g  H2  f l o w  a g a i n .




440°C ;  1 0 0 #  H2
Flow  r a t e :  6 . 0  c u . f t . / h r .
S p e c im e n  C l  ( 2 , 4 6 4 6  g . )
Comments:  H o r i z o n t a l  f u r n a c e  was u s e d .  No k i n e t i c  d a t a ;
r u n  was c o n d u c t e d  t o  d e t e r m i n e  a v a i l a b l e  oxygen  i n  o r e  
s p e c i m e n  hy  r e d u c t i o n  w i t h  H2 . T e m p e r a t u r e  e s c a l a t e d  d u r ­
i n g  r u n .  R e a c t o r  c o o l e d  t o  room t e m p e r a t u r e  ( a r g o n  
a t m o s p h e r e )  p r i o r  t o  s a m p l e  r e m o v a l .  The # a v a i l a b l e  
oxygen  was d e t e r m i n e d  t o  b e  1 6 . 1 0 #  by  w a t e r  r e c o v e r y ,  
a n d  1 5 . 9 5 #  by  w e i g h t  l o s s .
RUN 1 13
600°C ;  10 0 #  H2
F low  r a t e :  6 . 0  c u . f t . / h r .
S p e c im e n  Bi  ( 0 . 7 1 0 4  g . )
Comments:  H o r i z o n t a l  f u r n a c e  was u s e d .  No k i n e t i c  d a t a ;  
s t a b i l i t y  o f  MnO p r o d u c t  f o r m e d  a t  a n  a p p a r e n t  t e m p e r a t u r e  
o f  600 C was i n v e s t i g a t e d .  R e a c t o r  c o o l e d  t o  200°C ( a r g o n  
a t m o s p h e r e )  p r i o r  t o  s a m p l e  r e m o v a l .  F i n a l  # r e d u c t i o n  
b a s e d  on w a t e r  r e c o v e r y  was 5 6 . 5 #  a n d  b a s e d  on w e i g h t  l o s s  
was 1 0 0 . 6 # .  I t  may be  c o n c l u d e d  t h a t  ( 1 )  t h e  p r o d u c t  MnO 
was r e l a t i v e l y  s t a b l e ,  a n d  ( 2 )  some d e c o m p o s i t i o n  o f  Mn02 
t o  Mn20 3 o c c u r r e d .
RUN 114
7 00°C;  1 0 0 #  H2
Flow  r a t e :  6 . 0  c u . f t . / h r .
S p e c im e n  Bi ( 0 . 6 1 1 9  g . )
Comments:  H o r i z o n t a l  f u r n a c e  was u s e d .  No k i n e t i c  d a t a ;  
s t a b i l i t y  o f  MnO p r o d u c t  f o r m e d  a t  an  a p p a r e n t  t e m p e r a t u r e  
o f  700°C was i n v e s t i g a t e d .  R e a c t o r  c o o l e d  t o  200°C ( a r g o n  
a t m o s p h e r e )  p r i o r  t o  s a m p l e  r e m o v a l .  F i n a l  # r e d u c t i o n  
b a s e d  on w a t e r  r e c o v e r y  was 5 6 . 0 #  a n d  b a s e d  on w e i g h t  l o s s  
was 1 0 0 . 9 # .  I t  may be  c o n c l u d e d  t h a t  ( 1 )  t h e  p r o d u c t  MnO 
was r e l a t i v e l y  s t a b l e ,  a n d  ( 2 )  some d e c o m p o s i t i o n  o f  Mn02 
t o  Mn2 0 3 o c c u r r e d .




7 0 0 ° C ;  10056 A rg o n  
S p e c i m e n  Bi  ( 0 . 7 0 5 8  g . )
Comments :  D e c o m p o s i t i o n  r u n  i n  h o r i z o n t a l - t u ^ e  f u r n a c e .
S a m p le  was h e a t e d  i n  a  s l o w  s t r e a m  o f  a r g o n  f o r  a p p r o x i ­
m a t e l y  10 m i n u t e s .  R e a c t o r  was c o o l e d  t o  room t e m p e r a ­
t u r e  p r i o r  t o  e x p o s i n g  p r o d u c t  t o  a i r .  The e x t e n t  o f  
d e c o m p o s i t i o n  ( b a s e d  on w e i g h t  l o s s )  e x p r e s s e d  i n  t e r m s  
o f  n $ r e d u c t i o n  t o  MnO" was 5 4 $ .  H e n c e ,  Mn02 was c o m p l e t e ­
l y  d e co m p o s e d  t o  f r ^ O ^  i n  l e s s  t h a n  10 m i n u t e s .
RUN 116
3 5 0 °C ;  1 0 0 $  H2  Time %  R e d u c t i o n
( s e c . )  ( t o  MnO)
S p e c im e n  C2 ( 5 . 1 0 0 7  g . )
1 , 4 3 0  8 6 . 8
F low  r a t e :  6 . 0  c u . f t . / h r .  1 , 8 9 0  9 9 . 6
Comments :  V e r t i c a l - t u b e  r e a c t o r  was u s e d .  H2  was
d i l u t e d  w i t h  a r g o n  d u r i n g  f i r s t  550  s e c o n d s .  T e m p e r ­
a t u r e  c o u l d  n o t  he  c o n t r o l l e d ;  maximum t e m p e r a t u r e  was 
a p p r o x i m a t e l y  3 7 0 ° C .  F i n a l  %  r e d u c t i o n  b a s e d  on 
w e i g h t  l o s s  was 9 0 . 6 $ .
RUN 117
3 0 0 ° C ; 1 0 0 $  H2  T ime $ R e d u c t i o n
( s e c . ) ( t o  MnO)
S p e c i m e n  Cl ( 1 . 4 5 2 1  g . )
950 1 0 1 . 0
F low  r a t e :  6 . 0  c u . f t . / h r .
C om m ents :  V e r t i c a l - t u b e  r e a c t o r  was  u s e d .  H2 was
d i l u t e d  w i t h  a r g o n  d u r i n g  f i r s t  560  s e c o n d s .  T e m p e r ­
a t u r e  e s c a l a t e d  r a p i d l y ,  and  e n t i r e  s a m p l e  r e a c t e d  t o  
MnO b e f o r e  any  k i n e t i c  d a t a  w e re  t a k e n .  Maximum 
a p p a r e n t  t e m p e r a t u r e  was a p p r o x i m a t e l y  330 C.




2 5 0 °C ;  100 $  H0 Time $ R e d u c t i o n
2 ( s e c . ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
700  7 . 9 0
S p e c i m e n  Cl ( 1 . 6 6 4 1  g . )  9 5 0  1 4 . 1 8
1 , 3 5 0  2 6 . 5
C o m m en ts :  H£ was d i l u t e d  2 , 0 1 0  4 4 . 7
w i t h  a r g o n  d u r i n g  f i r s t  2 , 6 0 0  5 4 . 6
490  s e c o n d s .  E s t i m a t e d  3 , 7 3 0  6 5 . 3
b e d  d e p t h  was 1 . 0  mm. 5 , 1 4 0  7 4 . 4
6 , 1 6 0  7 8 . 3
6 , 8 2 0  8 0 . 5
RUN 119
2 7 5 ° C ;  100$  H9 Time $ R e d u c t i o n
( s e c . )  ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
840  3 7 . 8
S p e c i m e n  Cl ( 1 . 3 4 2 4  g . )  1 , 0 4 0  5 0 . 3
1 , 3 0 0  5 7 . 6
C omments :  E s t i m a t e d  b ed  1 , 5 5 0  6 2 . 8
d e p t h  was 1 . 0  mm. 2 , 0 5 0  7 1 . 3
3 , 6 8 0  8 7 . 6
5 , 0 0 0  9 4 . 7
6 , 0 5 0  9 8 . 1
6 , 8 5 0  1 0 0 . 1




2 7 5 / 3 2 5 ° C ;  100$  H2 
F lo w  r a t e :  5 . 0  c u . f t . / h r .
S p e c i m e n  Cl ( 1 . 4 5 6 8  g . )  
Com m ents :
H2  was d i l u t e d  w i t h  a r g o n  
d u r i n g  f i r s t  660 s e c o n d s .  
E s t i m a t e d  bed  d e p t h  was 1 . 0  
mm. P u r g e d  w i t h  a r g o n  w h i l e  
f u r n a c e  t e m p e r a t u r e  wag 
r a i s e d  f r o m  2 7 5 °  t o  32 5 °C .  
F i n a l  $ r e d u c t i o n  h a s e d  on 
w e i g h t  l o s s  was 6 5 . 7 $ .
T im e  $  R e d u c t i o n
( s e c .  ) ( t o  MnO)
9 5 0  5 0 . 2  ( 2 7 5 ° C )
1 , 1 7 0  6 3 . 2
1 , 3 4 0  7 8 . 2
1 , 5 1 0  8 5 . 2
1 , 6 8 0  8 8 . 4  ( 3 2 5 ° C )
1 , 9 7 0  9 4 . 5
2 , 4 8 0  9 8 . 5
3 , 0 4 0  1 0 0 . 7
RUN 1 2 1
2 2 5 ° C ;  100$ H9 Time $ R e d u c t i o n7 U ( s e c . ) ( t o  MnO)
F lo w  r a t e :  5 . 0  c u . f t . / h r .
2 4 0 1 . 5 0
S p e c i m e n  Cl ( 2 . 1 0 4 4  g . ) 690 4 . 7 8
1 , 3 0 0 8 . 3 3
Com m ents : 2 , 5 9 0 1 7 . 4 8
E s t i m a t e d  bed  d e p t h  was 3 , 8 5 0 2 8 . 5
1.4mm. F i n a l  $ r e d u c t i o n 5 , 1 0 0 4 0 . 0
b a s e d  on w e i g h t  l o s s  was 6 , 1 5 0 4 7 . 9
5 3 . 0 $ . 7 , 5 5 0 5 5 . 9
8 , 4 6 0 5 9 . 8
9 , 5 4 0 6 3 . 7




2 2 5 / 2 5 0 / 3 0 0 ° C ; 100$ H2 
Flow r a t e :  5 . 0  c u . f t . / h r .
S p e c im e n  C3 ( 8 . 5 8 1 4  g . )  
Comments :
S i n g l e  lump o f  o r e  was 
r e d u c e d  t o  v a r i o u s  
s t a g e s  a t  t h r e e  t e m p e r a t u r e s ,  
s t a r t i n g  a t  225 C. P u r g e d  
w i t h  a r g o n  w h i l e  f u r n a c e  
t e m p e r a t u r e  was r a i s e d  f r o m  
one l e v e l  t o  a n o t h e r .  F i n a l  
$ r e d u c t i o n  h a s e d  on  w e i g h t  
l o s s  was 7 8 . 0 $ ;  p r o d u c t  
p a r t i a l l y  r e - o x i d i z e d  u p o n  
c o n t a c t  w i t h  a i r .
Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
900 0 . 5 1
2 , 0 3 0 1 .2 3  (:
3 , 6 0 0 2 . 2 3
4 , 4 2 0 2 .7 5
4 , 7 1 0 2 . 9 9
5 , 4 6 0 4 . 2 5
6 , 4 6 0 6 . 2 6  (:
7 , 5 6 0 8 . 7 2
7 , 7 9 0 9 .3 0
8 , 0 1 0 1 0 . 3 1
8 , 3 1 0 1 5 . 0 6
8 , 6 1 0 2 1 . 5
9 , 2 2 0 4 2 . 2  (;
9 , 8 1 0 7 7 . 0
1 0 , 4 4 0 8 2 . 6
1 1 , 7 9 0 8 8 . 3
1 3 , 3 5 0 9 2 .6
2 2 5  C)
2 5 0 ° C )
3 0 0  C)
RUN 123
300°C; 9 . 7 3 $  H2 ( b a l a n c e ,  H e)  
Flow r a t e :  1 0 . 0  c u . f t . / h r .
S p e c im e n  Cl ( 1 . 4 4 7 3  g .  )
Comments :
E s t i m a t e d  bed  d e p t h  was
1 . 0  mm. F i n a l  $ r e d u c t i o n  
b a s e d  on w e i g h t  l o s s  was 
6 7 . 1 $ ;  p r o d u c t  p a r t i a l l y  r e ­
o x i d i z e d  u p o n  c o n t a c t  w i t h  
a i r .
Time $ R e d u c t i o n
( s e c . ) ( t o  MnO)
230 2 .7 5
420 8 . 5 1
685 1 8 .3 0
1 , 0 6 0 3 7 . 1
1 , 7 5 0 5 6 . 4
2 , 3 7 0 6 4 .5
3 , 1 5 0 7 1 . 5
4 , 6 3 0 8 1 .3
5 , 8 0 0 8 6 . 3
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VITA 
Herbert E. Barner was born on 	 in 
. He attended public schools in 
Irvington and Union, New Jersey, and in 1958 was 
	
graduated 
from Newark College of Engineering with a B.S. in Chemical 
Engineering. He served as an officer in the United States 
Air Force from 1958 to 1961. Following his release from 
active duty he undertook a year of graduate study at 
Carnegie Institute of Technology, from which he received 
his M.S. in Chemical Engineering in 1963. 
He was employed as a development engineer by The 
M. W. Kellogg Company from September, 1962 to September, 
1964, and early in 1963 he enrolled in the doctoral 
program at Newark College of Engineering on a part time 
basis. From September, 1964 to September, 1966 he served 
as an Assistant Instructor at Newark College of Engineer-
ing, while concurrently pursuing his graduate studies 
and research. Presently, he is employed as a research 
engineer in the Research and Engineering Development 
Division of The M. W. Kellogg Company. 
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